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1. INTRODUCTION  
 
1.1 The Richness harboured in diversity 
 
Agrobiodiversity conservation has a key role in future Food Security and Food 
Sovereignty especially in the developing countries, where a small-scale 
agriculture with low external input is a common reality. Therefore, the presence 
of a diversified germplasm well adapted to target environment and to wide agro-
ecological niches allows to rely upon different gene-pool alleles and on a 
reduced susceptibility to new diseases, biotic and abiotic stresses. In fact, 
reduction of biodiversity is accompanied by a severe loss of internal regulation 
and leads toward an artificial ecosystem that requires constant human 
intervention (Western, 2001) standing as a serious threat to sustainable food 
production and to small farmers incomes, involving at the same time bio- 
ecological, social and political complex aspects. Biodiversity encountered in 
agriculture is a product of natural evolution plus the effect of human selection, 
which is a process known as domestication. Crop species, in fact, have been 
subjected to heavy anthropic selection pressures, which have shaped the gene 
pools on local environment adaptation criteria, as well as on human 
consumption needs. The millennial process of domestication and selection have 
finally resulted in narrowing the genetic variation once encountered in wild 
relatives  (Tanksley and McCouch, 1997). Landraces (mixtures of inbred lines 
and hybrid segregants) maintained by farmers are however endowed with still 
remarkable levels of genetic variability, since they are not subjected to subtle 
selection over a long period of time. Nowadays, some landraces persist 
especially in developing countries, although globalisation of the food system 
has largely displaced local varieties with pure lines cultivars. From the 
beginning of the 20th century, genetic bottlenecks imposed on crop plants 
through modern breeding-for-uniformity practices have leaded to a really drastic 
loss of allelic variation, shrinking due to the industrialization of agriculture. 
Modern pure line cultivars (whose variability is limited due to homozygosity), 
which are high-yielding varieties but also mainly high-input requiring ones, less 
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diverse but more competitive in the global market are suiting to the dominant 
corporate model of agriculture (Quijano, 2008). The extension of industrial 
patenting and other intellectual property systems to living organisms, has also 
led fewer varieties to be widespread cultivated, with a breed-for-uniformity 
strategy. This modus operandi has left behind many potentially useful genes, 
which can be today retrieved in the cultivated crop gene pool by an accurate 
and long-prospect germplasm evaluation that inverts actual tendency of genetic 
erosion. 
As an extensive characterization of Plant Genetic Resources (PGR) provides an 
opportunity to mine allelic variations and identify diverse accessions for 
sustainable crop improvement, global germplasm collections have begun to 
receive increasing attention in the form of in-situ and ex-situ conservation 
strategies. Global efforts to conserve ex-situ PGR in the Gene Bank is an 
important institutional way ensuring that crop landraces and their wild relatives 
will not be lost, but this freezing evolution should not be the only strategy to be 
taken into consideration. It is also crucial to maintain crop biodiversity in farms 
and in the natural environment, where it can evolve and adapt to changing 
conditions and compete with other species. The precious value of indigenous 
and local communities traditional knowledge in the conservation and 
sustainable use of agricultural biodiversity should be also recognized. As a 
matter of fact, germplasm diversity is a common patrimony selected during 
millennia of traditional breeding or developed inside the natural gene pool: 
indeed, safeguarding, characterization and utilization of the richness harbored 
in Genebanks must be accompanied by a participatory approach providing 
farmers the opportunity to influence decision-making policies (Ceccarelli and 
Grando, 2006). 
 
1.2 Core Collections 
 
As an extensive characterization of PGR provides an opportunity to mine allelic 
variations and identify diverse accessions for sustainable crop improvement, the 
Generation Challenge Program (http://www.generationcp.org) suggested the 
development of "composite collections" to extract "reference sets" from them, 
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aiming to a more efficient analysis and utilization of global crop genetic 
resources. In fact, the sheer number of accessions conserved in germplasm 
collections could be an obstacle for their full evaluation and the recovery of 
desiderable alleles for real crop improvement, due to the redundancies and/or 
duplications and the impossibility of analyzing in details all the accessions 
conserved. The management and use of germplasm collection may be 
enhanced if a limited number of genetically diverse accessions is accurately 
chosen as a subset well representing the whole genetic spectrum of variability. 
Such diverse subsamples, called active working collections by Harlan (1972) 
and core collections by Frankel and Brown (1984) contain - with a minimum of 
repetitiveness - the maximum possible genetic diversity of the species in 
question (Frankel 1984; Frankel and Brown 1984). As a result, this procedure is 
a good strategy to capture information into a more manageable data set. In 
major crops, including also barley (Hintum 1992), panels of accessions have 
been assembled with renewed interest towards the study of naturally occurring 
variation in crop genetic collections. These studies aim to find new genes or 
new alleles involved in specific aspects of plant physiology or development and 
to try to understand the molecular basis of adaptation to local environments. 
Moreover, natural allelic diversity could be successfully exploited for allele 
mining at targeted candidate genes and for whole-genome association mapping 
studies, aiming to mobilize agronomically precious specific traits conserved in 
global biodiversity pools. Brown (1989) suggested to assemble the core 
collection with a preliminary evaluation data on larger collection, named 
reference collection. Cluster analysis will determine groups within the 
germplasm collection, based mainly on species, subspecies, geographical and 
ecological zones, then core collection entries will be selected from each group. 
Relative diversity method is the most reliable selection method (Diwan et al. 
1994), choosing the number of accession from each group on the base of 
group’s relative phenotypic and genetic diversity. It is therefore confusing and 
inadvisable to apply a series of bulks, following an assembling strategy based 
solely on passport data and random selection of the accessions. On the other 
hand, is not required for every part of the whole collection to be equally 
represented. Indeed, unequal numbers per class of genetic resources (e.g. 
cultivated versus wild), per subspecies or per geographic region are to be 
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expected (Escribano, 2009). At the end of the work, a good core collection 
should generally contain 5-10% of the reference numerosity, but ideally 
conserve at least 70% of the alleles (Brown, 1989). 
 
1.3 Diversity assessing 
 
1.3.1. Molecular markers 
 
The Eukaryotes genomes are abundant in repetitive DNA, most of it without 
known function and neutrally inherited. This large amount of redundant 
information has been largely used as molecular markers to uniquely identify a 
precise genomic region and detect the DNA polymorphism occurring at that 
particular locus. Molecular markers technology can therefore underline (through 
probe or flanking regions primers) DNA sequence variations in and among 
species and point a particular genome region, allowing to indirectly follow a 
genetic trait of interest.  
Their main uses and applications for genetic studies include: 
- Assessment of genetic variability and characterisation of germplasm 
- Identification and fingerprinting of genotypes 
- Estimation of genetic distances between populations, inbreeds and 
breeding material 
- Detection of monogenic trait loci and QTL  
- Molecular assisted selection (MAS) 
- Identification of sequences of useful candidate gene 
In the beginning of DNA profiling technology, Restriction Fragment Length 
Polymorphism (RFLP) technique, was considered state-of-the-art. This method 
was then followed by PCR-based ones: initially Random Amplification of 
Polymorphic DNA (RAPDs), consequently by Amplification Fragments Length 
Polymorphism (AFLP) and most recently by the large use of Microsatellite (also 
known as Simple Sequence Repeats, SSR). AFLP and SSR are currently the 
most popular markers in cereals, principally because of the moderate amount of 
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DNA required and the automatization of the detection, thus allowing an easier 
identification. 
 
1.3.2. SSR microsatellite markers 
 
Simple sequence repeats (SSRs) (Tautz, 1989), are tandem repeats of short 
DNA sequence motifs (composed by 1-6 bp) generally selectively neutral, 
occurring ubiquitously in eukaryotic genomes, both in protein-coding and non 
coding regions. A key feature of this class of repetitive DNA is an extraordinarily 
high level of variation among taxa, mainly expressed as a variable copy number 
of repeats (Tóth et al. 2000). Among several important DNA marker systems, 
SSR markers showed the highest polymorphism, and it has been indicated that 
SSRs in plants can be up to 10 fold more variable than other markers systems 
such as RFLPs (Röder et al., 1995; Udupa and Baum, 2001; Eujayl et al. 2002). 
SSRs are known to be mendelian loci co-dominantly inherited (Johansson et al. 
1992), thus allowing the distinction of heterozygote individuals and well 
assessing the diversity. The loci are multiallelic and a high level of 
polymorphism (visualized as DNA length polymorphism) is to be expected, due 
to the proposed mechanism for SSR allelic diversity generation, based on 
replication slippage during DNA replication (Tautz et al., 1986). In theory, an 
unlimited number of SSR alleles is to be expected by the highly mutagenic 
process of slippage mechanism, but longer SSR allele sizes are more likely to 
be eliminated by natural selection (Li et al., 2002). However, among several 
important DNA marker systems, SSR markers showed the highest 
polymorphism, followed by RFLPs, RAPDs and AFLPs (Russell et al., 1997). 
 In plants, the most frequently repetitive motifs of mono-, di-, tri-, or 
tetranucleotide units are (A)n, (GA)n, (TAT)n and (GATA)n (De Vienne et al. 
2003). Regarding barley, more than 75% of the genome comprises repetitive 
DNA sequences (Flavell et al., 1977). It is estimated that the barley genome 
contains one GA repeat every 330kb and one GT repeat every 620kb (Liu et al., 
1996), which is in agreement to the findings that GA repeats occur in barley at a 
higher frequency than GT repeats by Struss and Plieske (1998). Among 
trinucleotide repeats in barley, (CCG)n, (AGG)n and (AGC)n repeats are the 
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most-frequent motifs while (ACGT)n and (ACAT)n in tetrameric microsatellites 
(Thiel et al., 2003). The informative value of microsatellite markers for genetic 
studies and their important utility in barley breeding was confirmed in several 
studies (Shangai-Maroof et al., 1994; Becker and Heun, 1995; Liu et al., 1996; 
Struss and Plieske, 1998). SSRs, have been shown to efficiently identify barley 
genotypes even among closely related cultivars (Struss and Pleiske, 1998). In 
barley, several hundred SSRs have been developed and already genetically 
mapped (e.g. Ramsay et al., 2000). Simple sequence repeats therefore provide 
a good choice of marker system for association mapping. At the beginning, 
microsatellite identification is time-consuming and relatively expensive, as it is 
based on screening DNA libraries and isolation by enrichment procedures 
(Edwards et al., 1996). Anyway, in recent years, a more low cost  strategy for 
SSR development is screening of sequences in the public database. Thus, 
apart from possibly long initial steps of developing and characterization, these 
markers can provide a cost effective and rapid PCR-based screening 
procedure, based on designing a pair of specific primers on the conserved 
flanking regions (Litt and Luty, 1989; Weber and May, 1989). The PCR products 
are usually run on polyacrylamide gels and visualized using ethidium bromide 
staining, silver staining, autoradiography or by the use of fluorescently labelled 
primers and automated analysis technology (Jones et al., 1997). 
 
 
• EST-derived SSR 
 
As mentioned above, in classical SSR markers discovering strategy, SSRs are 
mainly developed from genomic information by screening enriched genomic 
libraries for SSR motifs and comparative genomic analysis (as most of the times 
they are transferrable between related plant species). In recent years, 
progresses in sequencing and in genomes functional annotation through 
database mining of expressed sequence tag, have also made possible to 
exploit ESTs for the development of PCR-based SSR markers (Thiel et al., 
2003; Pillen et al., 2000; Holton et al., 2002). The microsatellite markers derived 
from ESTs are commonly known as ’EST-SSR’ or ’eSSR’ in contrast to the 
earlier genomic SSR or ’gSSR’. Genomic microsatellite marker loci usually have 
a higher polymorphism information content value (Varshney, 2006) compared to 
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the EST-derived ones, and were the assay of choice for marker-assisted 
selection in many plant breeding programs. However, it has been proven 
(Buhariwalla et al., 2005) that eSSRs may not estimate interspecific diversity in 
a reliable way because they may evolve too rapidly.  
Since they are associated with the coding regions of the genome, EST-SSR are 
generally less polymorphic, but can better serve molecular germplasm 
evaluation by capturing variation across transcribed regions and in genes of 
known function. This potentially resolves the problem of limited genomic 
coverage suffered by traditional single gene phylogenetic studies and provides 
an useful tool for mapping important agronomic traits in the contest of candidate 
gene hypothesis. The identification of new candidate germplasm sources for 
improving of agronomic performances, as well as indirect trait selection for 
breeding programs, will also potentially take advantage. In addition to that, the 
development of such markers is easier and less time consuming (Varshney et 
al., 2005), due to the increasing number of EST datasets and bioinformatics 
tools for EST database mining. 
 
• Fluorescent SSR markers 
 
Most recent implementations of SSR marker techniques, include fluorescent-
based genotyping system where each primers pair includes one with a 5′-
fluorescent dyed label, traditionally the forward one. Under laser excitation, the 
dyes fluorescence at certain wave-lengths, and this information is collected and 
analysed by software programs that scores SSR alleles as peaks on a graphical 
display. Internal size standards are run within each lane, for accurate allele 
sizing, down to a separation of only 1 bp. Despite of the high cost for primers 
labelling, the use of fluorescently labelled SSR panels greatly increases the 
capacity of semiautomated genotyping of a large number of accessions, 
allowing a faster and highly informative characterization of genetic resources 
(Ziegle et al. 1992; Mansfield et al. 1994). The technique was first reported for 
the analysis of restriction fragments and was later adapted for microsatellite 
analysis, providing a good number of advantages over other labelling methods 
as: longer shelf life, less demanding safety and disposal issues and allowing 
many different loci to be detected simultaneously in a single capillary or gel lane 
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providing that the SSR fragments have non-overlapping sizes or have different 
label dye. These methods facilitate the efficient application of microsatellite 
markers for high throughput mapping (Rhodes et al., 1998; Ponce et al., 1999), 
pedigree analysis (Lexer et al., 1999), fingerprinting of accessions (Carrano et 
al., 1989), and analysis of genetic diversity with more accurate genotyping 
(Diwan and Cregan, 1997; Macaulay et al., 2001). 
 
 
 
Fig 1.1: Example of SSR amplification for polymorphism detection  
              trough fluorescent primers 
 
The requirement for fluorescent SSR typing, is an high precise instrument which 
permits comparison of allelic ladders to sequentially processed microsatellite 
samples, separating colors of different dye sets used (and avoiding bleed 
through between different colors). The resolution should be at least 1 bp to 
>300 bp (to detect microvariants) and the sizing should be reliable over 75-450 
bp region. 
 
 
 
 
Fig 1.2:  
On the top: Fluorescent 
labeled amplicons 
separation trough capillary 
electrophoresis.  
Bottom: Genotyping by 
comparison to allelic 
ladder. 
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 1.4 Barley: ancient crop for marginal areas 
 
  
 
Fig.1.3: On the left: Arabi Aswad (Black-seed) barley in a Syrian farmer field. On the right: the 
‘Fertile Crescent’, barley domestication site. The experimental Icarda sites used in the research, 
are shown (Grando, 2000). 
 
 
Barley (Hordeum vulgare L.) belongs to the genus Hordeum L. in the tribe 
Triticeae of the family Poaceae. The genus Hordeum is a distinct genus in the 
tribe, well distinguished by three one-flowered spikelets at each rachis node. Its 
taxonomy and phylogeny have been studied by many scholars including Orlov 
and Åberg (1941). Hordeum vulgare L. is differentiated into two subspecies: 
spontaneum and vulgare, the first one containing the immediate ancestors of all 
cultivated types, which are lumped into subspecies vulgare and characterized 
by brittle rachis instead of vulgare tough rachis. The spontaneum group is 
believed to have been derived from the wild Hordeum species, H. murinum and 
H. bulbosum, characterized by well-developed lateral florets (von Bothmer and 
Jacobsen, 1985). Barley (Hordeum vulgare L.) is the fourth main cereal crop 
worldwide, after wheat, maize and rice. It has been one of earliest crop to be 
domesticated and has been cultivated since the beginnings of civilization, 
representing nowadays still a fundamental economically important resource in 
many developing countries. The crop has a broad ecological adaptation that 
sets it apart from other cereals, enabling of being cultivated in marginal 
environments, which are often characterized by drought, low temperature and 
salinity (Van Oosterom et al., 1993; Baum et al., 2003). It is grown as a feed 
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and food grain, without forgetting to mention its broad use in malt brewing 
industry.  
Archaeological research proved that barley was one of the earliest cereals 
domesticated in the Fertile Crescent from its wild relative Hordeum vulgare 
subsp. spontaneum, around 10,000 years ago (Badr et al., 2000). Anyway, 
there has been a long speculation about the presence of more than a single 
domestication. After recently studies about haplotypes frequency among 
geographic regions at multiple loci, at least two domestication events have been 
inferred (Morrel et al., 2007). The Fertile Crescent domestication contributed the 
majority of diversity in European and American cultivars, whereas the second 
domestication contributed most of the diversity in barley from Central Asia to the 
Far East. Crop domestication involves not only profound modifications of human 
societies, but also genetic changes in wild plants as cultivated forms were 
selected. An essential trait which has been selected during domestication is the 
presence of non brittle ears of grain. During the spread of agriculture in different 
agro-climatical areas, human selection has also resulted in the partitioning of 
the majority of barley germplasm into spring and winter-sown varieties which 
lack or retain a vernalization requirement, respectively, to promote subsequent 
flowering (Cockram et al., 2008). Vernalization sensitiveness in fact, it is a 
characteristic of the wild ancestors of temperate crops such as barley and 
wheat. 
Domestication and selection processes, have resulted in drastic narrowing 
genetic variation of crop species (Tanksley and McCouch, 1997) including 
barley (Plucknett et al, 1983). As a predominately inbreeding species with 
outcrossing rates ranging from 0 to 9.6% (Brown et al., 1978), this cereal has 
particularly suffered from single plant selection of the last two centuries. On the 
other hand, genetic variation is wide in the Hordeum genus, due to distinct 
environmental condition which have shaped the diversity and a large number 
(32) of Hordeum species. The species in the genus range from diploid to 
polyploid, and they are perennial as well as annual. At the present, wild 
progenitor species as well as the primitive landraces of barley offers rich 
sources of genetic variation for crop improvement (Ceccarelli et al., 1995). As 
wild and cultivated barley share a common genome (2n=14), and are cross-
compatible, agronomically useful variation revealed in the wild form can be 
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mobilized by breeders for crop improvement, broadening the gene pool of 
cultivated barley. Cultivated barley, Hordeum vulgare spp.vulgare, can be 
enriched with genes from its ancestor Hordeum spontaneum, and also less 
related species can be used as gene donor, viz. Hordeum bulbosum. Indeed, it 
is particularly important to deeply characterize the extended barley gene pool 
diversity encompassed in ex-situ barley genebanks (where approximately 
250.000 Hordeum accessions are stored), along with an in situ landraces 
conservation approach, for realistic and sustainable yielding enhancement. 
Systematic barley diversity evaluation is relatively facilitated by the fact that 
barley is not only a fundamental crop worldwide, but also an established model 
species for genetic and physiologic studies (Koornneef et al, 1997), due to its 
annual short life cycle, its diploid nature with only seven pairs of relatively large 
(6-8 µm) chromosomes, high degree of self fertility, ease of hybridization (cross 
compatibility) with species within the primary gene pool and also its wide 
diversity in morpho-physiology and genetics. A wide range of genetic stocks are 
already available along with well defined genetic maps. Its chromosomes are 
homologous to cultivated wheat and rye, thus allowing comparative genomics 
analysis, favouring gene-mapping and functional genomics. The nuclear 
genome size of barley is approximately 4.9 × 109 bp/1C (Arumuganathan and 
Earle, 1991), and the seven barley chromosomes were identified and labelled 
based on their sizes and characteristics (Burnham and Hagberg, 1956). 
Chromosomes 1 through 5 differ in their sizes, measured at mitotic metaphase, 
with chromosome 1 being the longest and chromosome 5 being the shortest; 
chromosomes 6 and 7 have satellites, with chromosome 6 having the larger 
satellite and chromosome 7 having the smaller satellite. The mentioned barley 
seven chromosomes, largely have the same genetic content as those in other 
members of the Triticeae; and the gene loci are also largely collinear to the 
other Triticeae members, showing a high level of conserved syntheny among 
throughout the tribe, with only few ancestral translocations involving whole 
chromosome segments (Linde-Laursen et al., 1997). 
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1.4.1. Barley for marginal areas 
 
Triticeae, and especially barley, are characterized by a remarkable potential for 
drought tolerance. Barley in fact, can grow in marginal areas where other 
cereals production is limited, thus being important for subsistence economies. 
However, its productivity is limited by terminal drought stress during grain filling 
(Sanchez et al., 2002). Assimilates for such purpose, particularly in 
environments where drought is encountered at the end of plants’ life cycle, 
come mainly from the photosynthesis activity of flag leaf and ear (Bort et al., 
1994). Therefore, mid to late drought stress accelerate leaf senescence, 
shortening the grain-filling period and finally decreasing grain yield and 
individual grain weight of barley (Voltas et al., 1999; Jamieson et al., 1995). One 
important concern is that much of the genetic variation for abiotic stress 
tolerance has been lost during domestication, selection and modern breeding 
strategies. In barley and many other crops, greater variation to abiotic stresses 
exists in primitive landraces and related wild species gene pools, while in 
cultivated barley genome, only 40% of wild barley alleles are represented (Ellis 
et al., 2000). Hordeum spontaneum and local landraces, have adapted to a 
broad range of environments, accumulating reservoir of precious alleles for their 
survival in critical environments (Grando et al., 2001). The identification of 
drought-tolerance genes and quantitative trait loci has a great potential for 
cultivated crops improvement, and has to be achieved following a 
multidisciplinary approach. Advanced backcross QTLs analysis, association 
mapping, introgression libraries based on wild ancestors as donors and 
positional cloning, will play major role in elucidating the molecular control of 
water-stress tolerance. Finding alleles in the barley gene pool that provide 
higher levels of tolerance to drought stress and developing simple, PCR-based 
genetic markers from them, will increase the rate of genetic improvement for 
drought tolerance, a key trait for increasing and stabilizing barley productivity in 
dry areas worldwide. 
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1.5 Drought stress tolerance 
 
1.5.1. Drought response mechanism 
 
Plant water deficit develops as the rate of transpiration exceeds water 
uptake, and is a component of several different stresses including drought, 
salinity and low temperature. Dehydratation is a physiological development step 
in many higher plants during seeds maturation, as well as one of the most 
problematic abiotic stress mature plants have to face with. Drought, considered 
as the combination of water stress plus high irradiance and temperature 
stresses, is the main abiotic factor limiting yield and mainly characterize the so 
called dryland areas, where ratios of precipitation and evopotranspiration 
ranges between 0.05 and 0.65. They include semi-arid regions with annual 
rainfall below 600 mm, arid regions, and hyper-arid regions, which together 
occupy 6.1 billion hectares representing more than 41% of the total global land 
area (http://www.icarda.org/gef/Explain.HTML). The capacity of plants to survive 
droughts, depends on a variety of phenological, morphological, and 
physiological factors, and the overall response is conditioned by two major 
pathways: dehydration avoidance 
and dehydration tolerance. The 
first one is the constitutive 
capacity to avoid plant tissues 
and cells severe loss of water 
under drought stress, either by 
maintaining a more favourable 
water balance or by cellular 
function protection features in a 
well defined dry-season habitat. 
Instead, dehydration tolerance is 
the adaptive capacity to sustain 
functions when the plant is 
dehydrated, and is pursued 
modifying cellular metabolism 
and gene expression, in the 
Fig. 1.4: Water stress signal transduction pathways 
(Shinozaki and Yamaguchi-Shinozaki, 1997) 
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context of a whole-plant mechanisms that can integrate morphological, 
physiological responses in all organs. At the transcriptional level, a number of 
drought-responsive genes have been described (Seki et al., 2002; Guo et al., 
2007). Nevertheless, the molecular basis of the tolerance mechanism is far from 
being fully understood (Vinocur and Altman, 2005; Umezawa et al., 2006). Such 
molecular pathway should anyway include recognition of the drought signal 
(input), transduction steps involving many biochemical cascade reactions, 
signal output and responses. Finally, phenotypical realization is believed to be a 
multi-dimensional network system which contains many levels of gene 
expression and regulation (Ni, 2009).  
Current research recognizes multiple signal transduction cascades (see fig. 
1.4) between stress perception and the regulation of dehydration-inducible 
genes, and at least four independent signal pathways have been identified: two 
are ABA-dependent and two are ABA-independent. ABA-responsive 
transcription factors have received better attention until now, allowing to 
discover that the final gene products are either functional (e.g. water-channel 
proteins, enzymes required for the biosynthesis of various osmoprotectants, 
proteins that may protect macromolecules and membranes) or regulatory (e.g. 
protein kinases for further regulation of signal transduction and gene 
expression) and they are involved in mediating various cellular responses some 
of which are already recognized as adaptive (Shinozaki and Yamaguchi-
Shinozaki, 2000). Anyway, it is not clear if these ABA responsive genes are 
regulated with or without novel protein synthesis. 
Hydric stress-induced proteomic investigation, allows to detect several 
products putatively functioning in physically protecting cells from water deficit, or 
in further gene expression regulation. ABA-inducible LEA (Late Embryogenesis 
Abundant Proteins) D11 proteins, the dehydrins, are among the most frequently 
observed (Close, 2006). They comprise an immunologically distinct protein 
family, and are proven to be produced on the last stages of embryogenesis or in 
response to drought, salinity, low temperature or to ABA application. Dehydrins 
(DHNs) are evolutionarily conserved among photosynthetic organisms, showing 
hydrophilic properties, thermostability and high amount of charged amino-acids. 
From subcellular location and comparative sequence analysis, a putative 
function has been identified in stabilizing large-scale hydrophobic interactions, 
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such as membrane structures or hydrophobic patches of proteins (Koag et al, 
2003), standing as an intracellular stabilizer. Highly conserved polar regions in 
fact, could possibly form hydrogen bonds with polar region of macromolecules, 
acting essentially as a surfactant, to prevent coagulation under cellular 
dehydratation or at low temperature conditions (Campbell and Close, 1997). 
Despite these hypothesis, overall view over biochemical role of dehydrins 
remains still elusive.  
 
1.5.2. The genetic point of view: deciphering drought-tolerance QTLs 
 
Complex stress response which is coming after exposure of plants to 
drought, salt, and cold, is partly to be explained by the presence of multiple 
signal transduction pathways between the perception of water stress and 
inducible gene expression. At the same time, also the inducible gene pattern 
activated, is a complex one: many genetic traits constitute the basis of the 
integrated molecular, cellular and developmental responses to water availability. 
Each causative locus has a small effect (as yet no genes of large effect have 
been reported despite many years of investigation) and is highly influenced by 
the environment. Abiotic stress tolerance in fact, are considered as 
quantitatively inherited traits controlled by several genetic loci (QTLs). 
Quantitative traits inheritance, or polygenic inheritance, is the hypothesized 
genetic background for phenotypical characteristics that varies continuously in 
degree, and can be considered as the results of epistasis and/or interaction 
between loci and external environment. However, QTLs are not necessarily 
genes themselves, but are broader considered as DNA stretches closely linked 
to the genes underlying the trait under examination. From the phenotypical point 
of view, Mendelian inheritance (which characterize monogenic traits, called 
qualitative) is expected to be replaced by a continuum of variation, where the 
observation gradient is well depicted as a bell curve in the population, more or 
less normally distributed. The identification of single genes contributing to a 
multifactorial aetiology is considered to be one of the more challenging task of 
genetics today, because of the polygenic nature of the complex trait and the 
small, additive contribute of each gene to the final phenotype variation. 
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Moreover, the final situation is complicated by the fact that a large part of 
phenotype distribution variance can be explained by interaction between these 
genes and the overall environment in its broader definition (both genetic 
background and external environment are in fact often interacting), thus only a 
small fraction of the phenotypic variation can be explained by phenotype–
genotype correlation. The genetic dissection of a quantitative trait, implying the 
resolution of its genetic architecture, can rely in recent days on new genomic 
approaches. Advances in molecular marker development and in genome 
mapping have resulted in high-density molecular-marker linkage maps in crops, 
and have provided novel important tools for analyzing the genetic variation 
underlying. Hence, complex QTL analysis can be separated into two stages: (1) 
from phenotype and genotype to QTL, and (2) from QTL to gene. The first stage 
consists in correlating molecular markers with a phenotype, either segregating 
in a population or varying in a natural population, and can be subdivided itself in 
three steps: QTL detection, QTL mapping and QTL fine mapping. QTL detection 
implies the determination of the relative portion of total variance it explains, 
which is a measure of the difficulty of its identification. A QTL that explains a 
large proportion of the phenotypic variance will be indeed easier to be detected. 
To prevent hereditability estimation bias, it is also necessary to try to estimate 
as finer is possible the interaction of the genotype with the environment, in a 
model where: Pijk=Gi+Ej+GEij+eijk. 
Pijk is the phenotype of the k individual, characterized by the i genotype (G) 
in the j environment (E). GEij is the interaction between specific genotype and 
environment, and e is the residual. QTL mapping implies the statistical 
correlation between the genetic marker tested and the functional locus, either 
by likelihood ratio statistic LOD score in a pedigree or by linkage disequilibrium 
in a population. Each genotyped marker constitutes a statistical hypothesis to 
be tested, clarifying the need of an adequate statistical correction to the 
detection threshold. Generally, only a small fraction of the phenotypic variation 
(<10%) is explained by each QTL effects, thus large sample size and stringent 
statistical threshold will be unavoidably required for the detection of such 
genetic effects (Darvasi, 2002). Subsequently, regions showing significant 
values in the statistical test are identified on the genome; such regions are 
supposed to contain a QTL. The aim is than to narrow down the chromosomal 
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region that is correlated with the phenotype to reach a fine mapping resolution, 
so that the interval will contain only few genes. Usually, given the low individual 
QTL heritability, the process doesn’t succeed in reaching an interval small 
enough to contain only a single gene, and the location estimates have large 
confidence interval (Hyne et al., 1995). Generally it is difficult to reduce the 
confidence interval to less than about 10 cM: the locus under examination 
should therefore be tested with functional assay to find candidate genes for 
further analysis. 
 
1.5.3. Drought-tolerance improvement 
 
Improving drought tolerance has been a main goal since the beginning of 
agriculture and facing water abiotic stress is still one of the major challenges in 
crop production, especially in the low-input  developing countries agricultures. It 
is important to underline that from an applicative point o view, the term ’drought 
tolerant’ in crop varieties relates mainly to the final yield than to the real capacity 
of plant to survive in water limited conditions. Therefore, genotypes have been 
selected if able to optimize water use efficienciently, while maximizing yield in 
the target environment (Tuberosa, 2006). During pre-scientific agriculture, plant 
adaptation to dry conditions was improved by simply repeated selection of 
plants that appeared to do well when drought stress occurred. As a result, in 
each specific area have arisen farmer landraces, possessing distinct 
agronomically valuable traits. After the Mendelian genetics development, new 
selection tool emerged as biometrical and statistical methods for quantitative 
genetics analysis and yield-based selection programs (based also on carefully 
managed stress environments). More recently, genomic-based molecular 
markers methods, new genomics platforms, sequencing and bioinformatics 
tools are adding new dimensions for deciphering and manipulating the distinct 
components of drought tolerance traits. However, the structural limits of 
genomic dissection methods which were discussed above are not a real 
problem for Marker Assisted Selection (MAS), where an accuracy within a 
range of ±10 cM is still adequate for being utilized in practical breeding 
programs. Instead, further functional and comparative genomic analysis can 
ideally lead to positional cloning techniques for candidate genes analysis. 
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Several stress-induced putative drought-tolerance genes in fact, have been 
already used for improving crop performances through gene transformation 
(Pellegrineschi et al., 2004; Umezawa et al., 2006). Nowadays, the majority of 
QTLs detected, are still not deeply characterized and frequently the bottleneck 
in gene discovery is the functional validation of candidate genes (Hein et al., 
2009). In conclusion, a multidisciplinary approach is required to harness the full 
potential of genomics-assisted breeding and to take into good consideration 
molecular and physiological processes influencing tolerant varieties, enabling a 
real efficient crop improvement. 
 
1.6 The phenotypical point of view: drought-related traits 
 
Plant homeostasis can efficiently bare mild drought. In the frame of 
physiological window in fact, regulation of water balance allows to maintain a 
leaf relative water content degree which does not imply change in the 
photosynthetic activity. On the contrary, relative severe drought leads to serious 
modifications in the whole plant levels, which finally inhibit photosynthesis and 
growth. The mechanism of protection, in the presence of bulk water (the proper 
drought tolerance mechanism), is mainly based on structural stabilization by 
preferential hydration of macromolecules (Yordanov, 2003). Desiccation, the 
most severe drought stress, can instead be tolerated by replacement of water 
by molecules forming hydrogen bonds. In a global view, the complexity of plant 
response reflects the fact that drought is a multidimensional stress, affecting 
plants at various levels of their organization (Blum, 1996).  
In addition to that, breeding for drought tolerance is moreover complicated 
by the common superimposition of other stresses under field conditions, which 
can synergistically or antagonistically modify the situation (Yordanov, 2003). 
However, both destructive and constructive elements are contained in stress 
conditions: repair processes lead to establish a new physiological standard, 
which is an optimum stage under the changed environmental conditions. Thus, 
stress condition could be also considered as a selection factor as well as a 
driving force improving resistance and adaptive evolution. 
The nature and extent of water stress effects on crops depends on several 
factors such as the genetically-determined capacity to cope with it, and the plant 
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specific developmental stage (Szira, 2008). Long term drought under high 
temperature conditions coinciding with the reproductive stage of the plant, may 
cause a decrease in the size and number of grains. 
However, at the whole plant level, water deficit affects simultaneously many 
traits through morphological, physiological, molecular and metabolic 
modifications (e.g. connected with relative water content, relative water loss, 
chlorophyll fluorescence, stomatal resistance, cell membrane stability, 
accumulation of free proline in response to osmotic stress) and finally leading 
most of the time to decrease grain yield (Cellier et al. 1998; Cochard et al. 
2002). The critical situation is initiated when low leaf water potential [ψ(w)] 
develops, and cell turgor begins to fall appreciably below its maximum value. 
The main important repercussions of water deficit are mediated by the 
interacting effects on plant phenology, phasic development, photosynthesis, 
growth, carbon assimilation, assimilate partitioning and plant reproduction 
processes. Therefore, drought-tolerant genotypes probably gain their valuable 
properties through the reestablishment of cellular homeostasis, the 
enhancement of functional and structural protection of proteins and 
membranes, the adjustment of stomata. Plant growth depends on cell 
expansion and cell division. Cell expansion is probably most sensitive to water 
deficit and is dependent on the maintenance of turgor. As a primary response to 
water deficit, the decrease of cell expansion serves to reduce plant water use 
but also leads to reduced plant productivity. One of the first lines of defence 
against dehydratation results in stomatal closure, a quick and flexible process to 
protect plant against water loss. Stomatal closure is activated in response either 
to a decline in leaf turgor or, as pointed by Davies and Zang (1991), mostly 
responding to chemical signals produced by dehydrating roots. Initially, 
stomata’s closure reduces transpiration more than CO2 assimilation, with a 
photosynthesis limitation degree depending on the severity of the stress (Cornic 
and Briantais, 1991). However, at an advanced stress stage, a restricted carbon 
assimilation takes also place (Chaves, 1991). CO2:O2 ratio drops, thereby 
increasing dissipation of the excitation energy through processes other than 
photosynthetic carbon metabolism. Thus, evaluation of chlorophyll content is a 
reliable indicators to evaluate the energetic/metabolic imbalance of 
photosynthesis and yield performance across genotypes under water deficit 
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(Araus et al. 1998). The decline in PSII efficiency in fact, it is a regulatory 
mechanism with photoprotective role, since it reduces the likelihood of damages 
under water stress enhancing photorespiration and maintaining the electron 
transport rate. Indeed, the high absolute concentration of hydrogen peroxide 
which is likely to be generated in the photorespiratory activities, underlines the 
importance of antioxidant systems (Noctor et al, 2002) and has also been 
hypothesized as involved in drought responses signalling. Another mechanisms 
employed by plants to prevent damage to the PSA is the non-photochemical 
chlorophyll fluorescence quenching (qN) (Ruban and Horton, 1995), where 
excess light energy is dissipated as heat in the light harvesting antenna of PS2. 
As a consequence, chlorophyll fluorescence (Fs) is consecutively lowered, and 
the relationship between Fs and stomatal conductance provides a method for 
remote sensing stress (Medrano et al., 2002). Additionally, another good 
strategy to detect water stress in plants, is the estimation of canopy 
temperature, due to its relationship with transpiration and stomatal conductance 
(Jackson, 1982). According to Bohnert and Shen (1999) one more integrated 
protection response is the accumulation of compatible solutes, called 
osmolytes, to increase significantly the osmotic potential. As a result, cell turgor 
and turgor-related processes can be maintained at lower water potential. 
Proline accumulation as a biochemical symptom of water stress has been 
mainly studied in maize, and its role in prevention of membrane disintegration 
and enzyme inactivation has been hypothesized (Bohnert and Jensen, 1996). 
Summarizing, a wide selection of agronomic, biochemical and physiological trait 
related to drought tolerance can be used for screening and selection of drought 
tolerance genotypes, to reduce water deficit impact on crop yield during 
breeding programs. The relationship between these traits (e.g. grain yield, plant 
height, chlorophyll content, chlorophyll fluorescence, osmotic adjustment, 
canopy temperature, stomatal conductance, etc) and drought tolerance have 
been largely investigated mainly using Analysis of Variance (ANOVA), to test if 
different irrigation regimes have really a significative effect on their variation. 
Generally, a mixed model which consider genotypes as random effects and 
treatments as fixed effects, is used. The difference between these traits was 
also tested in genotypes (varying in drought tolerance), to confirm that the 
phenotype under examination was effectively differentially expressed among 
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sensitive and tolerant varieties, thus being a reliable discriminative criteria. The 
significancy of the interaction between drought treatment and genotypes 
themselves have also been carefully observed. Additionally, correlations 
between the investigated parameters were established by calculating simple 
pair-wise correlation coefficients. 
 
1.7 Linkage Disequilibrium: exploring evolutionary information 
 
In order to use association genetics most effectively, we need to understand 
the pattern of LD in the genome of the target organism, since the specificity of 
its extend will determine the resolution power of the study, the number and 
density of markers, and experimental design needed to perform the study. 
Linkage Disequilibrium (LD) has been defined as the non-random association of 
allelic state at different loci in the genome, and is usually caused by the physical 
proximity of the loci, hence the use of the term linkage disequilibrium. Despite of 
the name, LD can be caused also by other factors, of both genetic and 
demographic nature (see table below), which can be grouped into two 
categories: (1) factors that increase LD, and (2) factors that decrease LD. The 
increase of LD is observed with new mutations, mating system (self-pollination), 
genetic isolation, population subdivisions, relatedness (kinship), small founder 
population size or genetic drift, admixture, selection (natural and artificial), 
epistasis, and genomic rearrangements. The decrease of LD is observed with 
high recombination and mutation rates, recurrent mutations, outcrossing, and 
gene conversions (Flint-Garcia et al., 2003).  
In plant species, reproductive behaviour would seem to play an important 
role in shaping the LD pattern, because linkage declines much more quickly in 
outcrossing plant species than in highly self-pollinating plants, usually enabling 
high resolution mapping of a trait of interest in outbreeder plant germplasm and, 
on the other hand, successfully preliminary genome-wide association mapping 
in self-pollinated species. 
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Tab.1.1: Factors affecting Linkage Disequilibrium in a population 
 
 
The resolving power of LD mapping depends on how rapidly LD decays 
with genetic distance, while the rate of decaying varies with the kind of 
germplasm under examination (as a result of the diverse history to which crop 
plants have been subjected since their domestication), and with the 
chromosomal regions of the genome. LD tend to decay with genetic distance 
between loci under consideration, because genetically distant loci are more 
likely to have recombined in the past than tightly linked loci. Theoretically, LD 
decays with time and recombination distance according to the following formula 
(Falconer and Mackay, 1996): Dt = (1-Θ)t D0       
where Θ is the recombination fraction, t is the time in generations since the 
origin of a new mutation at time=0, while D0 and Dt represent LD in time at 
generations 0 and t, respectively. The different measures (indices) for 
estimating the level of LD in plants have been largely described (Flint-Garcia et 
al., 2003; Gupta et al., 2005). Choosing the appropriate LD measure really 
depends on the objective of the study, but the basic component of all LD 
statistics is the pairwise difference between the observed and expected 
haplotype frequencies at two polymorphic loci.  
For example, the simplified explanation of the commonly used LD measure, D 
or D’ (standardized version of D), is the difference between the observed 
gametic frequencies of haplotypes and the expected gametic haplotype 
frequencies under linkage equilibrium (D = PAB − PAPB = PABPab −PAbPaB). In 
absence of other forces, recombination through random mating breaks down 
the LD following the formula Dt = D0(1 − r)t, as explained above. D’ is strongly 
affected by small sample sizes, resulting in highly erratic behaviour when 
comparing loci with low allele frequencies. For association studies purpose, the 
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statistic might be more appropriate, as it is indicative of how markers might 
correlate with the QTL of interest.The r2 value varies from 0 to 1, and it will be 
equal to 1 when only two haplotypes are present. The r2 value of equal to 0.1 
(10%) or above considered the significant threshold for the rough estimates of 
LD to reveal association between pairs of loci. 
 
1.8 Association Mapping: genomic dissection strategy 
 
In human genetics, genomic mapping of complex traits has shifted from 
pedigree-based linkage studies to population-based studies, in order to dissect 
the genetics underlying quantitative traits with a more accurate strategy. In fact, 
since association studies take advantage from historical linkage disequilibrium 
to statistically link genotypes with phenotypes, they can overcome the limited 
numbers of meiotic events which could be find in a pedigree. In the context of a 
whole human genome scan, this can be a promising technique to detect 
disease susceptibility alleles of relatively small effect, which contribute additively 
to create a susceptibility genotype.  
Association (or Linkage Disequilibrium) mapping is a powerful tool for high 
resolution mapping of complex quantitative traits which uses the non random 
association of loci in haplotypes, to detect significant association between 
markers and phenotypes (Zondervan and Cardon, 2004).  
The statistical identification of significant marker-trait associations can be 
attributed to the strength of linkage disequilibrium between marker specific 
alleles and functional polymorphism, across the individual genomes of the 
population under examination. Linkage disequilibrium initially present in a 
population decays at a rate determined by the genetic distance between loci 
and the numbers of generations since it arose. 
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Figure 1.5: Schematic comparison of linkage analysis with designed mapping populations (a) 
and association mapping with diverse collections (b). 
 
The growing interest in association studies has been made possible by 
recent development in genomic technologies, which have reduced cost and 
time of genotyping expenses, resulting in abundant sequence data and high 
throughput genotyping platforms. Rapid identification and scoring of genetic 
markers and a broader genomic coverage, has allowed to extend the focus from 
candidate gene to whole-genome association analysis. This has enlarged the 
possibility of detecting QTL variants with weak effect (but together contributing 
to a complessively risk genotype) which would have otherwise escaped 
detection in a linkage-based study (Neale and Savolainen, 2004). 
Other benefits of association mapping compared with traditional 
quantitative trait loci mapping based on pedigree approaches includes for 
example a relatively finer mapping resolution. Over a series of generations in an 
unstructured population, any association between a QTL and any marker not 
tightly linked to it, would have been removed by recombination during the great 
number of meiosis elapsed. Another positive improvement is the possibility of 
investigate many alleles at the same time because of the population-based level 
of study. Thus, an ANOVA test conducted at the end of the association 
analysis, could permit to dissect which allele among marker allelic variation is 
giving the statistical significancy. 
On the other hand, Association Mapping is characterized by high 
probability of type I error (false positive) caused by unaccounted subdivisions in 
the sample (for example population structure, Pritchard et al., 2000) which can 
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bias the estimates of allele effects. It is also necessary to try to control the type 
II (lack of statistical power) error which can be increased mainly due to LD 
decay. For this reasons, it has been suggested to carefully estimate population 
structure among the genotypes before applying association analysis, and to 
exclude particularly rare allelic variants from the analysis. 
At the present, association studies can take two forms. In the first 
epidemiological approach called ’case-control studies’, groups are 
characterized by their divergent phenotypes (e.g. diseased vs healthy) and 
allele frequencies are compared across groups. The other form uses groups 
distinguished on the basis of their marker genotypes, and phenotypic means 
are compared across groups. Association mapping techniques have been 
already successfully applied to plant species as a powerful gene tagging which 
could help in understanding the genetic basis of complex traits of both 
economic and ecological importance. Finding genes controlling quantitative 
traits will aid molecular breeding for crops with superior yields, growth rates, 
and evolutionary potential. The introduction of genomics techniques has greatly 
accelerated the identification of chromosome regions harboring 
genes/quantitative trait loci (QTL) controlling agronomic traits in crops 
(Morgante and Salamini, 2003; Varshney et al., 2005), and the potential of LD 
mapping approaches has been demonstrated (Kraakman et al., 2004; Olsen et 
al., 2004). For many years, genes/QTLs mapping in plants has been normally 
based on the use of segregating populations derived from parents with 
contrasting phenotypes and/or genotypes: an approach called QTL or linkage-
mapping. The patterns of co-segregation occurring were then used to estimate 
the recombination frequencies between markers and genes of interest. 
Association genetics share much in common with quantitative trait loci mapping, 
because both attempt via statistical inference to detect co-segregation of 
polymorphic genetic markers with loci that underpin trait variation. 
While the first approach of linkage mapping has served plant geneticists 
and breeders well, it has a few limitations. First of all, it was very time 
consuming since mapping populations needed to be generated and grown from 
two to three generations. In addition, the entity of the segregating population 
required has to be very large, in order to achieve high resolution mapping. Bi-
parental crosses allowed only two alleles at any particular locus to be assessed, 
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while a collection of germplasm potentially harbours a broader genetic variation 
in a more representative genetic background. LD mapping may also attain a 
higher resolution because of all the meioses accumulated in the breeding 
history. An additional advantage of using evolutionary information harboured in 
germplasm collection, is the possibility to exploiting historically measured (e.g. 
during crop improvement and cultivar registration) phenotypical data without 
need for new trials with special mapping populations. Thus, association 
mapping in plants genomics, it is a particularly appealing technique for 
dissection of complex agronomic traits and identification of superior alleles at 
genes contributing to the target trait in a marker assisted selection (MAS) optic. 
However, application of association-mapping approaches in plants is 
complicated by population structures (different subpopulations show different 
alleles frequencies) present in most germplasm sets (Flint-Garcia et al, 2003), 
which are coming mainly from their breeding and evolutionary history due for 
example to admixture, selection evolutionary bottleneck which can lead to 
highly significant associations between a marker and a phenotype, even when 
the marker is not physically linked to any causative loci (Pritchard and 
Przeworski, 2001). To overcome this problem and not produce spurious output 
data, it is necessary to previously inferring population substructures of the 
sample under examination (Pritchard et al., 2000). These unbiased data will 
then be used as an input for association softwares which take structure aspect 
into consideration, the most common used statistic include logistic regression 
with the possibility of structured associations implemented in TASSEL General 
Linear Model. 
The main steps for performing plant association mapping studies 
assuming structured population are the following (Abdurakhmonov et al, 2008). 
[1]: Selecting a group of accessions from a natural population or a germplasm 
collection with wide coverage of genetic diversity. [2]: Collecting (preferably in 
different environment and multiple replication trial design) phenotypical data for 
the trait under examination. [3]: Collecting genotyping molecular markers data, 
with a good chromosomes coverage. [4]: Quantification of the extend of 
genomic LD, estimation of population structure and kinship. [5]: Make use of an 
appropriate statistics, to correlate phenotypic and genotypic/haplotypic data, 
revealing “marker tags” positioned within close proximity to the trait of interest. 
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An important prerequisite for the application of association mapping is the 
availability of collections of accessions with a good level of diversity, with the 
aim of identifying individuals with substantial differences in the target 
phenotype. The collection’ s size entity must be large (e.g. 300 genotypes), in 
order to increase the statistical power of the analysis. At the same time, 
materials characterized by a high LD are preferable, due to the reasonably low 
number of markers required to reveal a significant marker-trait association. 
Knowing the degree of relatedness and the eventual population structure of the 
individuals under study, it is obviously a favourable condition to prevent 
spurious association compared to the alternatively need of hypothesizing them.  
Once a QTL affecting a trait 
of interest has been accurately 
tagged using the above-outlined 
approach, positional cloning and 
functional genomics analysis can 
be performed, in order to open the 
path of gene discovery and allele 
mining toward the understanding 
of the molecular basis of 
adaptation to local environments. 
Marker tags can also become very 
effective tools in a crop 
improvement strategy, allowing 
the mobilization of genes of 
interest from donor lines to the 
breeding material, through marker-
assisted selection (MAS). This will 
lead to a more effective utilization 
of ex situ conserved natural 
genetic diversity of worldwide crop 
germplasm resources. 
 
  
Fig.1.6: Association mapping strategy for plant 
gene tagging 
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1.8.1. LD Mapping: the case of Barley 
 
As a predominantly inbreeding species, cultivated barley is an attractive 
target for association mapping, as its genome contains extensive blocks of 
chromatin in linkage disequilibrium (LD), providing a well-defined haplotype 
structure from which marker-trait associations can be identified. High levels of 
inbreeding in fact, cause populations to become composed of homozygous (the 
level of heterozigosity decays at the rate of one-half per locus, per generation), 
inbred lines. High level of homozygosity limits the effectiveness of 
recombination and therefore retards the rate of linkage disequilibrium decay 
among mutations, slowing the breakdown of linked genomic regions (Morrell et 
al., 2005). In barley, values of LD are highly variable across the genome and 
across population types, due to the contrasting evolutionary histories of crop 
gene pools (Caldwell et al., 2006). A comparison of gene-based studies 
(Russell et al., 1997; Morrell et al., 2005; Caldwell et al., 2006) with genome-
wide studies (Kraakman et al., 2004; Rostoks et al., 2006; Malysheva-Otto et 
al., 2006) can give some insight into the strong effects of selection and recent 
population history on the observed LD structure.  
In cultivated barley, genome-wide LD extends from 10 cM to 15 cM when 
evaluated with SSRs (Kraakman et al., 2004; Malysheva-Otto et al., 2006). 
Such LD extension is to be considered as a vast amount of physical distance, 
when taking into consideration the estimated total genetic size in barley, 1155 
cM, and the physical size, 5000 Mbp. The pattern of intrachromosomal LD 
reveals that in barley cultivars (with distances between genomic loci ranging 
from 1 to 150 cM) LD extends up to 10 cM with r2 > 0.2 (Malysheva-Otto et al., 
2006), or to 50 cM with r2 > 0.05 in some regions of related elite germplasm 
(Kraakman et al., 2004; Rostoks et al., 2006), thus extending over large linkage 
distances. On the contrary, recent studies (Morrell, 2005) have demonstrated 
that wild barley (Hordeum vulgare ssp. spontaneum) has remarkably low levels 
of LD for a self pollinating plant, despite its high rate of self-fertilization (98%). It 
has been proven that wild barley intralocus LD decays rapidly (the mean level of 
significant LD declines over the first 300 bp), at a rate similar to that observed in 
the outcrossing species Zea mays (after 400 bp). One of the possible 
explanations raised by Morrell is a putative recent transition in mating system, 
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from outcrossing to selfing. Moreover, in ancestral barley such as H. 
spontaneum populations as well as in old landrace collections, LD has 
interesting low values in genes not subject to strong directional plant breeding 
selection forces (Morrell et al., 2005; Caldwell et al., 2006). The high LD levels 
observed in domesticated populations, have proven to be recently generated by 
breeding processes. Anyway, the wide LD-extend in cultivated barley should not 
compromise the possibility of false positive to be detected by Association 
mapping techniques. Spurious associations is likely to be of particular 
significance in barley, due to breeding history and domestication pathway, since 
barley seems to have been domesticated twice (Morrell and Clegg, 2007). As 
diversity studies have shown, barley germplasm appear to be highly partitioned, 
predominantly because of vernalization requirement (spring or winter growth 
habit) and ear row-number (two or six-rows) (Malysheva-Otto et al., 2006; 
Saisho and Purugganan, 2007). Sub-structure is still likely to be present even if 
accessions are selected within one of these phenotypic classes, underlining the 
presence of other additional factors as geographic origin and related pedigree. 
Accounting substructure into the analysis, many QTLs for important agronomic 
traits have already been mapped in barley genome, the majority of which focus 
on grain yield and quality phenotypes (Pillen et al., 2003). Most of these QTL 
were detected in balanced populations derived from single crosses, e.g. F2 or 
doubled haploid (DH) (Doerge, 2002). 
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2. WORK AIMS 
 
The systematic evaluation of molecular diversity encompassed in plant 
genetic resources, is a prerequisite for its efficient exploitation in breeding as 
well as for optimal conservation of germplasm variability. Genomics and 
molecular biology are arising as fundamental tools in harnessing the richness 
harboured in world-wide crop biodiversity, from which sustainable utilization 
food security and food sovereignty can largely benefit.  
 
The present research is making use of the Genomic based approach of 
Association mapping to work on resolution of drought-tolerance QTLs in a Core 
collection of barley (Hordeum vulgare L.). Although drought is one of the major 
abiotic stresses constraining global crop production, breeding for drought 
tolerance is still a difficult task, because of its complex multifactorial genetic 
background. 
 
In recent years, association mapping has been applied as a powerful gene 
tagging tool, which provide us to access agronomically desirable alleles present 
at quantitative trait loci (QTLs) detecting via Linkage Disequilibrium significant 
association between markers and phenotypes related to the abiotic stress under 
examination. The diverse collection has therefore been genotyped through 
fluorescent SSR markers and capillary electrophoresis genetic analyzer, while 
several drought-correlated morpho-physiological and agronomic important traits 
were evaluated in Icarda experimental fields.  
 
The genotyping data have been consecutively analyzed for diversity index, 
clustering and population substructure evaluation (Power Marker, Structure, 
GenAlEx), to minimize association statistic bias. Significant marker-trait 
associations, has been finally detected through Tassel software, and putative 
QTLs discovered are now ready to be further investigated trough functional and 
comparative genomics, in a multidisciplinary approach towards genomics-
assisted breeding. 
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3. MATERIALS AND METHODS 
 
3.1 Developing of Core collection 
 
Icarda barley germplasm collection holds around 26,000 accessions, 
representing a quarter of the global total, while  the collection of  wild progenitor 
(1800 accessions) covers the entire range of its geographic distribution and it is 
globally representative. The germplasm, stored as seeds, is systematically and 
carefully  preserved for medium and long term. In the first case (seed viability 
for 20 to 30 years), after dried seeds are packed in plastic containers and stored 
at 0°C and relative humidity of 15-20%. For the long-term cold store, seeds are 
dried to contain only 5-6% moisture and hermetically vacuum-sealed in 
fabricated aluminium foil packets; they can be preserved for 50-100 years at a 
storage temperature of -22°C. 
 
3.1.1. Reference collection 
 
In the year 2005, following the directions of the CGIAR Generation 
Challenge Program for Core collection developing, Icarda assembled a 
composite set consisting of 2692 barley accessions, collected from 85 countries 
and different agro-climatological regions, representing the range of diversity of 
the crop (landraces and improved germplasm) and its wild progenitor (H. 
vulgare ssp spontaneum). The collection specific composition is summarized as 
following : 
• Landraces (65%) and wild barley (H.vulgare ssp spontaneum, 15%),  
were selected on the base of agro-climatological data of the collection 
site, which included hyper arid, arid and semi-arid regions. 
To perform the selection, the accessions were preliminary clustered by 
two-step clustering analysis into 260 groups, and accessions of different 
geographical origin were selected from each cluster. See figure 3.1 and 
3.2 for geographical origin representation. 
• Improved germplasm selection (20%, including cultivars, unfinished 
breeders materials and genetic stocks) was based on passport 
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information, including pedigrees, to ensure that most frequent parental 
varieties/lines are represented in the composite set. 
 
In addition, a set of drought –tolerant germplasm was chosen by Icarda 
breeders and added to the improved germplasm selection.  
  
 
 
 
The composite collection has been therefore genotyped using the following 15 
EST-derived and genomic SSR markers, distributed over the seven barley 
chromosomes (see table below) 
Landraces by origin
Ethiopia, 314
China, 198
Turkey, 146
Iran, 129
Syria, 120
Egypt, 112Morocco, 103
Jordan, 70
Afghanistan, 68
Pakistan, 67
Libya, 60
Tunisia, 60
Iraq, 56
Algeria, 49
Yemen, 35
Greece, 28
Oman, 26
Other 67 countries, 
294
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Fig 3.1: Origin of the 
landrace barley in the 
composite barley collection 
Fig 3.2: Origin of the wild 
Hordeum vulgare ssp. 
spontaneum accessions in 
the Composite collection 
 
Tab 3.1: SSR markers used in the barley reference set genotyping 
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DNA extraction from the accessions was performed using the CTAB 
method. DNA samples were then subjected to an amplification program 
consisting of: a denaturation step at 94oC for 5 minutes; 35 cycles of: 94oC for 
10sec, 58oC for 10 sec, 72oC for 15 sec; and a final cycle at 72oC for 7minutes. 
The PCR products were then separated on ABI 377 sequencer. Genescan and 
Genotyper softwares were used for alleles detection. Data analysis of the 2692 
accessions revealed an high level of genetic variability (0.62). The total number 
of alleles detected was 310, while allele diversity varied between loci (from 7 
alleles on locus Hvhva1 to 40 alleles on locus Bmac 316) and between 
accessions. Population structure studying, using Structure 2.1 (Prichard et al., 
2000), allowed the identification of specific patterns of allelic frequency linked to 
geographical regions. Genetic variability was divided according to regions: 
some region were identified as very rich in alleles and showed high levels of 
genetic diversity. The molecular weight for alleles on the loci analyzed, was 
used to estimate the dissimilarity between different accessions collected from 
the 85 countries with the DARwin 5.0 software. 
 
3.1.2 Core collection: a representative elected nucleus 
 
A Core collection (270 accessions, numerically around 10% of the composite 
collection, but harboring an optimum of genetic diversity, 70%) was than 
extracted as an important resource to provide efficient access to the whole 
barley germplasm collection. The allele difference and the genetic distance 
between accessions, in addition to the country origin, the domestication and the 
number of rows per spike were the criteria used to select and establish the Core 
collection.  The geographical origin of accessions and the population type, are 
reported in the table below (Tab. 3.2). Phenotypical characterization of 
important agronomic traits and identification of marker-traits association in a 
very diverse collection, can therefore be a valuable step towards allele mining 
and marker assisted selection to enhance drought tolerance in the target 
species. 
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Origin of the 
accessions 
No. of 
accessions 
analysed 
Population 
type    
  Landraces Cultivar Wild Unfinished material 
EUROPE 33 - - - - 
Germany 4 1 3 - - 
France 3 - 3 - - 
Greece 4 3 - - - 
Russia 6 2 4 - - 
Macedonia 5 5 - - - 
Netherlands 3 1 2 - - 
Denmark 2 1 1 - - 
Czech Republic 2 1 1 - - 
Ukraine 4 1 3 - - 
CWANA 159 - - - - 
Afghanistan 8 8 - - - 
Algeria 10 9 1 - - 
Azerbaijan 4 4 - - - 
Egypt 4 4 - - - 
Ethiopia 24 24 - - - 
Georgia 4 - - - - 
Syria 9 5 - 4 - 
Iran 12 12 - - - 
Iraq 5 5 - - - 
Palestine 6 1 - 5 - 
Jordan 18 10 - 8 - 
Lebanon 2 1 - 1 - 
Mar 19 19 - - - 
Tunisia 6 6 - - - 
Turkey 23 23 - - - 
Yemen 5 5 - - - 
AMERICA 48 - - - - 
USA 43 2 19 - 19, [3 gs] 
Canada 5 5 - - - 
ASIA 30 - - - - 
Japan 5 1 4 - - 
India 6 4 2 - - 
China 15 15 - - - 
Pakistan 4 4 - - - 
TOTAL 270 - - - - 
 
Table 3.2: Geographical origin and type of Core collection. Gs=Genetic stocks  
 
 
 
3.2 Into the Core Collection: Genotyping begins 
 
3.2.1. DNA sample collection 
 
After its development in year 2005, the Core collection was maintained in 
Icarda seed bank waiting for further utilizations, for example diversity analysis, 
QTL detection and allele mining. In order to perform association mapping 
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analysis to dissect drought tolerance, phenotypical data have been recorded in 
Icarda and Breda research stations, during cropping season 2008/2009, in a 
Randomized complete block design (RCBD). In November 2009, Core 
collection accessions were sawed in Tel Hadya.  
 
 
 
 
In January 2010, 15 days after the emergency, leaves samples from a single 
plant of each accessions have been collected, starting the genotyping work. 
 
• DNA extraction 
 
Genomic DNA was extracted with CTAB protocol (Shagai-MAroof et al., 
1984) with only minor modifications. Leaves (collected from one individual for 
each accession) were initially freeze dried for three days, and then carefully 
grinded in a mixer mill. Consequently, 900 µL 1X CTAB/Mercaptoethanol buffer 
was added in each tube and, after a short mix, all the tubes were incubated 
gently shaking for 1 h at 65° C in the heating water bath. The samples were 
then transferred in ice for 5 min, where successively 900 µL of 
Phenol:Chloroform:Isoamynoalcohol (25:24:1) was added, gently mixing by 
hand. The tubes were then rotating shaked for 10 min and centrifuged for 20 
min at 12000 x g and 4°C, and the top aqueous layer (approximately volume of 
800-900 µL) was transferred into plate wells, already containing 2,5 µL of 
RNAse (at a concentration of 10 µgr/µL) and incubated for 45 min at 37°C. 
Finally, 800 µL of Isopropanol was added and, after gently mixing, the plates 
were frozen at -20°C for 10 min. After centrifuging the samples at 12000 x g for 
Fig. 3.3: Core Collection trial fields, Tel 
Hadya, January 2010.   
 
Fig. 3.4: Core collection, May 2009: different 
performances in Tel Hadya fields 
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10 min, 700 µl of Ethanol 75% was added to the pellet, to remove the residual 
of isopropanol and the organic matter stucked on the DNA. The plates were left 
shaking for 5 min, before centrifuging them at 10000 x g for 10 min in order to 
remove ethanol from the supernatant. This step was repeated two times, and 
consequently the pellet was air dried. Finally, after adding the samples with 100 
µl of TE 1X, they were shacked for 2 hours to get the pellet dissolve in the 
solution, from where 95 µl as final DNA sample were taken and stored in deep 
well plates at -25 °C.  
 
 
DNA extraction (CTAB Procedure) 
Solutions 
 
 
2X CTAB                                          2%(w/v) CTAB (cetyitrimethylammonium bromide)                            
                                                         0.1 M Tris-HCL, pH 8.0 
                                                         2.0 mM EDTA 
                                                         1.4 M NaCl 
                                                          0.2% β- mercaptoethanol, pH 8.0                                                                                                                     
 
Washing buffer                                  76% ethanol 
                                                          10 mM ammonium acetate 
                                                                                 
 
TE Buffer 1X                                      10 mM Tris-base 
                                                           1 mM EDTA, pH 8.0 
 
 
 
  
                                                                             
• Samples dilution 
 
DNA samples concentration was estimated with agarose gel 1% using λ DNA 
as reference. Thanks to that, it has been possible to search for uniformity in 
DNA concentration, aiming 25 ng/µl in each sample. The normalized samples 
were arrayed in a microtitre 96-well format.  
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3.2.2. Genotyping through SSR markers   
 
An SSR marker set was used for genotyping purpose, since they are co-
dominant markers, well dispersed and reasonably polymorphic, allowing a good 
germplasm diversity evaluation for association mapping analysis. 
 
• Markers selection  
 
The specific microsatellite primers were selected from an Icarda SSR set, 
assembled from published sequences developed by the Scottish Crop research 
Institute (http://www.scri.ac.uk). A previous amplification trial was performed 
after having diluted each primer couple to their optimized value, as already 
suggested by preliminary experiments. The sample amplification results were 
visualized during an initial polyacrylamide (8%) gel electrophoresis test, making 
possible to choose, on the basis of a clear amplification and good band 
resolutions, a first batch of putative suitable primers. Since the aim of the 
genotyping was to reach a good chromosomes coverage for further genomic 
investigations and to collect good information about the alleles variability, other 
important selecting criteria were: marker positions on the chromosomes and 
their Polymorphic information content (PIC) values. Such information were 
found in Grain Genes 2.0 database for Triticeae and Avena 
(http://wheat.pw.usda.gov/GG2/index.shtml). For assessing marker positions in 
an univoque way, the high density barley microsatellite consensus map from 
Varshney et al.,  2007 was taken into consideration. Grain Genes 2.0 offer also 
the possibility  of checking bin position for each marker, a unit of distance which 
can be viewed as the most parsimonious marker order. A bin is a position on 
the genetic map with a unique segregation pattern that is separated from 
adjacent bins by a single recombination event. 
Genomic, EST-derived and also gene derived SSR markers were used, 
trying to harness the two different microsatellite types positive properties. 
Genomic ones in fact, usually show a greater polymorphic information content, 
since they are less subjected to evolutionary constraints. On the contrary, 
microsatellites derived from EST show less variability but allow to dissect 
variation in potentially important transcribed genomic regions. Since the 
research was not hypothesis driven, EST-derived SSRs were mostly chosen 
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without gene function or gene type consideration, and the main criteria was 
reaching a good chromosomes covering. One exception was HvHVA1 SSR, 
derived from HVA1 barley gene. This gene, encoding a member of the group 3 
late embryogenesis abundant (LEA) proteins have been already cloned and 
functionally investigated in wheat, where it seems to take part in water use 
efficiency mechanism.  
Due to cost and time compromises, a relative low number of SSRs was 
used; but the whole genome was anyway adequately covered with markers, 
except from the two ending regions of chromosomes 7H and, less markedly, of 
chromosome 1H. Details on SSR class used are representing in the following 
table, as review by Varshney et al., 2007. The references are regarding 
comprehensive microsatellite genetic maps, integrating SSR loci. 
 
 
Microsatellite code Source of markers Developing laboratory References 
Bmac, EBmac Genomic DNA libraries (AC 
repeats) 
SCRI (R. Waugh) Ramsay et al. (2000) 
Bmag, Ebmag  Genomic DNA libraries (AG 
repeats) 
SCRI (R. Waugh)                         Ramsay et al. (2000) 
 
HVM Majority from genomic DNA 
and some from genes 
VPISU (M.A.Saghai 
Maroof)      
Saghai Maroof et al. 
(1994),Liu et al. (1996), Li 
et al. (2003) 
HV(EMBL Name) Barley genes SCRI (R. Waugh) Ramsay et al. (2000), 
Univ. Bonn (K. Pillen) 
Pillen et al. (2000) 
scssr Barley ESTs SCRI (R. Waugh) Ramsay et al. (2004), 
Rostoks et al. (2005) 
 
Tab. 3.3: Details on microsatellite type utilized 
 
Following Varsnhey et al. (2007) high density barley microsatellite 
consensus map and Grain Genes 2.0 database, markers chromosomes and 
chromosomal localization (cM), primer sequences, positions, bins, motives, 
expected size and markers SSR types have been disclosed (see table below).  
 
Locus Chr. Primer Position 
(cM) 
Bin Motif Size  Type 
Bmag0211 1H ATTCATCGATCTTGTATTAGTCC 
ACATCATGTCGATCAAAGC 
60.4 
 
7 (CT)16 
 
174 gSSR 
 
Bmag0770 1H Accession restricted 60.4  
 
7 (GT)13, 
(AG)19  
158 gSSR 
scssr10477 1H AGAGCAATGAGCTCCTACCC 
GCTTACTCGCTCGTTTAGTCG 
79.1  
 
9 (GAG)4  
 
150  
 
eSSR  
 
Bmag0382 1H TGAAACCCATAGAGAGTGAGA 
TCAAAAGTTTCGTTCCAAATA 
99.7  
 
11 (AG)7AA(A
G)7  
109 gSSR 
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HvHVA1 1H CATGGGAGGGGACAACAC 
CGACCAAACACGACTAAAGGA 
102.5  
 
12 (ACC)5  
 
136 geSSR 
scssr02748 1H GGTGCATTTGGAAGTCTAGG 
ATAGCAAGTGCCAAGTGAGC 
133.5  
 
14 (CT)12  
 
150  
 
eSSR  
 
scssr07759 2H GCAACTCCTCATCATCTCAGG 
CAACAGCCAGAAGGTCTACG 
48.6  
 
5 (GCA)6(CA
G)8  
208  
 
eSSR  
 
scssr00334 2H CAAACAGCCACTGTCCTAGC 
AGGGCGAGGTAGATGACG 
70.98  
 
8 (CA)10  
 
204  
 
eSSR  
 
EBmac041
5 
2H GAAACCCATCATAGCAGC 
AAACAGCAGCAAGAGGAG 
117.9  
 
12 (AC)17  
 
247 gSSR 
scssr08447 2H AAATTTGTATTGGCTGGTTCC 
ACAAAAGCAAACCCTAGACC 
156.5  
 
15 (GAT)6  
 
177  
 
eSSR  
 
HvLTPPB 3H AGACGCTGAGTACGTTGAG 
CAAAGTACAACAAACTCACGA 
20.5  
 
3 (AC)10, 
(AT)5  
221 geSSR 
Bmag0006 3H TTAAACCCCCCCCCTCTAG 
TGCAGTTACTATCGCTGATTTAGC 
50.1  
 
6 (AG)17  
 
174  
 
gSSR 
scssr25691 3H ACGAGCTGATATCCCACGAG 
TCCGAGCTTCTTATCTTTGG 
68.2  
 
7 (CA)17  
 
219 eSSR  
 
Ebmac0541 3H ACGGATCTACTTTAGCTAGCA 
AAACAACCCCACACAATC 
137.2  
 
15 (AC)9  
 
106  
 
gSSR 
Bmag0106 4H Accession restricted (37.5)  
 
- -  -  
 
gSSR 
HvOle 4H GATGGATGTCAGTCGGTC 
ATGAGCAGTAGTACAACTCTAAGC 
45.8  
 
5.1 (GCCT)4  
 
198  
 
geSSR 
Bmag0740 4H Accession restricted 50.9  
 
5.2 (CT)28  
 
150  
 
gSSR 
scssr18005 4H TCCTCACACAGAGAGAAGTGC 
CCCACACGGTGTAGTAGAGG 
58.3  
 
6 (GA)11  
 
176  
 
eSSR  
 
HVM0067 4H GTCGGGCTCCATTGCTCT 
CCGGTACCCAGTGACGAC 
120.5  
 
12 (GA)11  
 
116  
 
geSSR 
scssr02306 5H TGCCTTGTTTATGTAATATCTTGTG 
GGCGTAAATAAGAGTGTCTTCAG 
6.1  
 
1 (AT)6(CA)7  
 
123  
 
eSSR  
 
scssr07106 5H GCGCTGTCTCTTCTATGTGC 
AGGTGCTCCTAATCTGATGG 
20.4  
 
2.3 (TA)9  
 
160  
 
eSSR  
 
Bmag0751 5H CACTGCAAATATTAAAATGGA  
GATCTACTGGTCCATAGTTGC  
42.9  
 
4 (GA)20, 
(AGAT)10  
 
189  
 
gSSR 
scssr05939 5H TCATTGGGCTCTTCTACGG 
GCAAACCGGACTAAGTATGC 
90.6  
 
10 (AT)5  
 
158  
 
eSSR  
 
scssr10148 5H AAGCAGCAAAGCAAAGTACC 
TCATCAGCATCTGATCATCC 
122.3  
 
11 (GT)10  
 
178  
 
eSSR  
 
scssr03907 5H CTCCCATCACACCATCTGTC 
GACATGGTTCCCTTCTTCTTC 
183.5  
 
15 (CT)13  
 
-   
 
eSSR  
 
Bmac0316 6H Accession restricted 4.3  
 
1 (AC)19  
 
135  
 
gSSR 
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Bmac0018 6H GTCCTTTACGCATGAACCGT 
ACATACGCCAGACTCGTGTG 
61.8  
 
6 (AC)11  
 
138 gSSR 
scssr05599 6H TTCCATCATAACAGCAATGG 
TTCGTCGAAGGCTATGTAGG 
96.3  
 
9 (AAG)4  
 
186  
 
eSSR  
 
scssr00103 6H GGTAAGGAGTGGGTCTCAGG 
CAAGCAGATGCAACTACACC 
105.3  
 
11 (GT)10  
 
168  
 
eSSR  
 
scssr07970 7H TGCATTGGGAGTGCTAGG 
TGCAAGAAGCCAAGAATACC 
54  
 
5 3nn  
 
160  
 
eSSR  
 
scssr15864 7H GCATAAACGGGTGTAAGAGC 
CATCCAGTTCAGAGGATAGAGC 
72.8  
 
6.3 (GAG)4  
 
167  
 
eSSR  
 
Bmag0746 7H AACAATCTTTATAGCTTGGGA 
GAATACAACAATACATAAGATAAAGC  
84.1  
 
7.2 (GA)22  
 
156  
 
gSSR 
 
Table 3.4:  SSR (genomic (gSSR), EST-derived (eSSR) and genic (geSSR) SSR markers) 
used for genotyping.  
 
Thanking to the already reported SSR localization information, it has been 
possible to graphically visualize (see fig. 3.5) the 32 SSR markers relative 
positions on the seven barley chromosomes making use of Mapdraw 2.2, on the 
basis of their relative map distances (in cM, from Varsnhey et al. (2007)). 
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Fig. 3.5: Relative map position o the 32 markers used for genotyping 
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• Amplification step: 
 
PCR reaction was carried on a DNA concentration of 25 ng/µl, with the 
following component quantities:  
PCR Amplification was performed for   
30 cycles, loading 50 ng of DNA and the 
thermocycling  program consisted of 3 
min at 94° C, followed by 30 cycles of: 30 
sec at  94° C, 30 sec at 58° C, 30 sec at 
72° C, followed by 7 min at 72° C. The 
great level of genetic diversity showed by Core collection individuals, caused 
allele scoring on polyacrylamide gel a very difficult task, due to the great allele 
number, which most of the time are differing for only 2 bp. The increase in 
acrylamide concentration to 10% did also not significantly improve the detection 
quality. In order to not lose resolving power, it has been decided to utilize 
fluorescent-label SSR markers and to analyze them with a 16-capillary DNA 
sequence analyzer ABI 3100 (Applied Biosystem), following a semi-automated 
and more accurate strategy. The fluorochromes linked to 5’ of F primers, were: 
FAM (blue), NED (yellow), VIC (green ), HEX (green ).  
 
• ABI 3100 capillary electrophoresis 
 
Multi-capillary ABI PRISM 3100 Genetic analyzer (Applied 
Biosystems/HITACHI, Foster City, CA, USA)  was utilized, which offers high-
throughput system, where both 96-well or 384-well plates of samples may be 
processed. With each run (represented by a 16 sample electrokinetical 
injection) taking roughly 45 min, a 96-well plate can be analyzed in 
approximately 4 or 5 hours. Injections occurs onto all 16 capillaries at once, and 
if some samples are missing, user should place formamide instead, to not dry 
the capillary. Spatial and spectral (a separate one is created for each capillary 
of the array) calibration are required prior to collecting data. The spatial 
calibration enables the CCD detector to know the location of each capillary 
while spectral calibration is essentially  a colour deconvolution matrix and is 
applied  during data collection, since  ABI 3100 uses a single sample within 
Sterile deionized H2O: 4.9 µl  
Buffer 10X: 1 µl  
dNTPs: 1  µl  
Primer F: 0.5 µl  
Primer R: 0.5 µl  
Taq polymerase: 0.1 µl  
DNA: 2 µl  
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each capillary that contains one peak per dye color. Prior to electrophoresis  
sample DNA is transferred indirectly from a microtitre plate, via a robotic arm 
and load bar, for electrokinetic injection into the capillaries (36 cm length and 50 
mM of internal diameter). The beam from the fixed argon laser emits at 488 nm 
and 514.5 nm and passes through each capillary’s spatial position and, array 
illumination is performed from both sides with the use of beam splitters and 
internal laser reflection. Emitted light from the laser excited fluorophores is 
detected via the CCD camera between 530 nm and 700 nm enabling five dye 
colors to be detected within each data collection time frame. The software 
components include peak and sizing calling as well as stutter removal and the 
results can be exported for further analysis.  
Different labeled markers have been grouped (on the basis of different dye-
conjugation or expected size properties) into different sets for post-PCR 
analysis. Therefore, data output is three or four times more than that obtained 
with a single dye (96 samples) per run. To be accurate in determining allele 
size, an internal molecular sizing marker labeled with ROX was co-separated 
with samples through each capillary tube. For submission of samples into ABI 
3100, 1µL of this PCR mix was added to 5µL formamide containing the 
Genescan 350 ROX Size Standard in a 1:38 ratio. The GeneScan™ 350 
ROX™ Size Standard is a ROX™ dye-labelled internal-lane size standard for 
obtain molecular sizing in genetic analysis and the reproducible sizing of 
fragment analysis data. Use this size standard for fragments between 35 and 
350 bp. The standard contains 12 ROX™ dye-labelled, single-stranded DNA 
fragments. The plate was heated in a PCR machine to 95 ◦C for 5min to 
achieve strand denaturation, and then instantly frozen on an ice plate.  
 
• Allele calling 
 
After extracting microsatellite data from the ABI 3100 sequencer, they have 
been analyzed for allele calls with GeneMapper v.3.7. The software identifies 
alleles generated by fluorescent-labeled amplicons and reports sizes in base 
pairs after the specification of user-defined settings. Allele bin was performed 
through excel, being consistent with prior literature and Grain Genes information 
about the di-nucleotide or tri-nucleotide nature of the STR under examination. 
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3.3. Genotyping data analysis 
 
3.3.1. Diversity analysis 
 
The software Power Marker (Liu and Muse, 2005) was used to calculate allele 
frequencies, allele number, genetic diversity, polymorphic information content 
(PIC), heterozigosity and genetic distance coefficients (D) according to Nei 
(1973). In order to illustrate a putative relatedness between the 270 barley 
genotypes, a combined unweighted pair group method with arithmetic averages 
(UPGMA) cluster based on the Nei's (1973) distance matrix was calculated. 
using the polymorphic alleles obtained with the 32 SSR markers. For such 
purpose, the distance matrix generated by Power Marker was input using Newik 
tree format in Ctree v1.02. 
Principal Coordinate Analysis (PCoA) was performed through GenAlEx 6.1 
(using Nei, 1973 distance matrix) on the basis of the simply geographical 
accession information, trying to elucidate the clustering aetiology and measure 
the genetic structure of the population from which the samples are drawn. PcoA 
is a method (metric multidimensional scaling) based on eigenvalue equation, to 
explore and visualize similarities or dissimilarities of data. A distance matrix 
(similarity matrix or dissimilarity matrix) is firstly calculated on the basis of a 
priory clustering grouping suggested, and consequently a graphical 
configuration in a low dimension Euclidean space is created, to show the level 
of dissimilarity among the groups individuated. A two level clustering method 
was used, grouping the accessions by sub-population type (8 sub-population 
described by Icarda information) and by regions (5 regions including all the 
subpopulations: Africa, Asia, Middle-East, Europe, America).  
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3.4. Phenotypical traits data collection 
 
Drought-related phenotypical data which were taken into consideration, are 
morpho-physiological and agronomic ones. Their significant correlation both to 
water regimes and genotypes, has been already widely proven in the scientific 
literature, allowing to consider them as a proper criteria for screening drought 
tolerant barley genotypes under field conditions. Ideal screening techniques, 
should be fast, easy to apply, inexpensive, and capable to evaluate plant 
performance in small and large populations. The nine phenotypical traits 
(quantitative continuous type of data) considered in the research, were: 
1. Plant height  
2. Peduncle length 
3. Peduncle extrusion 
4. Spike length 
5. Grain yield 
6. Osmotic adjustment 
7. Canopy temperature 
8. Chlorophyll content (before heading) 
9. Chlorophyll content (after heading) 
 
All of them have been recorded in cropping season 2008/2009, from material 
planted in two Icarda research stations, located in contrasting Syrian zones: Tel 
Hadya (36°01’N; 37°20’E, elevation 300 m asl) and Breda (35°56’N; 37°10’E, 
elevation 354 m asl). This two station sites, are consistently different in relation 
to dry condition, since Breda location has an average rain fall of 270 mm, while 
Tel Hadya 340 mm. In Syria, barley in sawed in November and the  harvesting 
time start by the end of May and proceed to the end of June. The traits were 
annotated either in field or in post harvesting time, depending on their nature. 
Based on the literature, ideal, agronomically valuable, drought-tolerant lines 
have better biomass production, well defined peduncle extrusion, better grain 
yield, remarkable osmoregulation ability, lower canopy temperature, relatively 
high chlorophyll content under stress conditions. Correlations between drought-
related traits have been tested in several papers ( e.g. Rao et al., 2007; Baum 
et al., 2003; Farshadfar et al., 2008; Szira et al., 2008), but giving a clear and 
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unique interpretation is still a difficult task, due to the different populations, 
developmental stages and environments used in the multifactorial studies. 
Anyway, it is almost a common trend to negatively correlate plant height with 
grain yield in a not stress environment, canopy temperature with drought 
tolerance. Positive correlation have been found between heading day and plant 
height with peduncle length and extrusion (Rao et al., 2007; chlorophyll content 
(stay-green trait), free proline content and osmotic adjustment with final yield ( 
Mamnouie et al., 2006; Rong-hua et al., 2006; Karamanos, 1995). 
 
3.4.1.  Morphological data 
 
 
 
Fig 3.6: Schematic representation of morphological data considered 
 
• Plant height 
 
Plant height is an important morphological trait related to carbohydrate 
remobilization under stress conditions, .and it was recorded in centimetres as 
the length of plant from the base at the soil surface to the tip of spike of the 
tallest tiller excluding awns. For modern barley cultivars, the optimum height 
ranges from 70 to 90 cm: higher plants (for example a trait  are usually more 
prone to lodging. during rain and strong winds, while lower height advantages 
weeds in competition, complicates harvesting and reduces biomass production. 
Despite Green Revolution believes, increasing crop grain yield, when negative 
correlated to total biomass production (straw yield), is not always the right 
strategy. Plant height in fact it is fundamental for animal feed in the traditional 
integrated farm management, and introgression of H. spontaneum (generally 
• Plant height: 3 
• Peduncle length: 3-1 
• Peduncle extrusion: 3-2 
• Spike length: 4-3  
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characterized by height despite drought) traits into cultivated barley will 
contribute to stabilize the income of rural poor farmers. 
 
• Peduncle length and extrusion 
 
Peduncle length was measured (cm) as the distance from last node to base 
of spike, while peduncle extrusion it is the distance (cm) from collar of flag leaf 
to base of spike. In general, H. spontaneum has longer peduncle than the 
cultivated one, and shows the ability to extrude the spike above the flag leaf 
despite drought, thus being expected to be a potential donor of adaptive traits to 
extreme stress conditions. Despite the fact that during early development the 
ear and the peduncle may compete for assimilates, breeders experience 
suggest that long peduncle is still a valuable trait, highlighting the probability of 
being in the presence of drought tolerant varieties. Long peduncle in fact it is 
presumably the result of natural hybridization with Hordeum spontaneum, 
(which usually grows at the field border in the Mediterranean basin), and other 
genes conferring adaptation to the prevailing environment are likely to have 
been inherited as well. Moreover, the inability of spikes to emerge out (peduncle 
extrusion as a negative value) of boot leaf not only eliminates outcrossing but 
also prevent peduncle to give its photosynthetic contribution to seed-setting and 
seed development. It has been predicted from preliminary correlation studies, 
that the ability of peduncle to emerge out during terminal drought stress 
conditions, it is generally a prerogative of early heading and tall plants, 
remarking again the importance of introgression of plant height trait into the 
breeding program. 
 
• Spike length 
 
Spike length (cm) have been measured from base to top of spike, excluding 
owns. This trait has been previously well described as having a high and 
positive direct effects on barley yield. 
 
3.4.2 Agro-physiological traits 
 
• Grain yield 
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A high potential yield in a cereal variety is a desirable breeding objective, 
evidently well correlated to overall plant drought tolerance, since it is principally 
concerned with photosynthesis and the utilization of its products by the crop. 
The measures have been recorded as Kg/Ha (ha= 10000 m square) with the 
following procedure. After Core collection harvesting, seed weight has been 
recorded for each accession. The yield trial was planned in 6 rows, each one 
2.5 m long, with space between rows being 0.2 m and each plot sine being 3 m2 
(6 x 2.5 x 0.2). After recording the grams of seeds harvested in a plot for each 
accession, measures have been converted in yield units (Kg/Ha). 
 
• Osmotic adjustment 
 
Water deficit may induce osmotic adjustment in plant species, resulting in 
the maintenance of cell turgor at low water potential during drought. Osmotic 
adjustment it is a measure well negatively correlated to Relative Water content, 
which represents a useful indicator of the state of water balance of a plant, 
essentially because it expresses the absolute amount of water, which the plant 
requires to reach artificial full saturation. The RWC, express the in percentage 
the water content at a given time and tissue as related to the water content at 
full turgor, and it is estimated as following, with two repetitions. The harvested 
flag leaf was immediately weighed (Fresh Weight, FW), then floated on distilled 
water for 4 hours. The turgid leaf discs were then rapidly blotted to remove 
surface water and weighed to obtain turgid weight (TW). The leaf discs were 
then oven dried for 24 hours at 60°C and dry weight (DW) was recorded. RWC 
(%) was then calculated as: RWC = [(FW – DW) / (TW – DW)] x 100 
To estimate the osmotic adjustment of each genotype, it has been 
consequently performed a regression of RWC on the interdependent osmotic 
potential (ψw): ln RWC= a-b ln(ψw). The reciprocal of the slope (b) is, therefore, 
a measure of osmotic adjustment (mmol/kg). 
 
• Canopy Temperature 
 
Canopies emit long-wave infrared radiation as a function of their 
temperature. In plant breeding for drought tolerance, it is interesting to find 
genotypes that maintain lower canopy temperature as compared with other 
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genotypes under the same field conditions. Relatively lower canopy 
temperature in drought stressed crop plants indicates in fact a relatively better 
capacity for decreasing transpiration and maintaining a relatively better plant 
water status. This capacity, as expressed in relatively lower canopy 
temperatures, was correlated with final yield under stress. Remotely-sensed 
canopy temperatures by infrared thermometer (IRT) provides an efficient and 
non-destructive method for monitoring the whole plant response under water 
stress, normalized on the external air temperature. Since plant water status 
changes with the march of the day and it is relative, measurements (three 
readings) of the population has been done within about two hours (10.00 am – 
12.15 a.m.), under relatively stable atmospheric conditions. 
 
• Chlorophyll content (before and after heading) 
 
A lower photosynthesis rate under water stress, mainly attributed to lower 
stomatal conductance, inevitably leads to a decreased chlorophyll content. The 
effect of water deficit on the diverse accessions, was determined using a 
portable chlorophyll meter (SPAD 502-Minolta Co. Japan, indexed SPAD units). 
The measurements (three readings each) was performed before and after the 
heading stage to intercept a putative different partitioning of photosynthates at 
changing developmental stages, as have been hypothesized by Szira et al., 
2008.  
 
3.5. Phenotyping data analysis 
 
The raw data collected, have been initially subjected to a prediction of 
random effects, in order to being converted into Best linear unbiased predictors 
(BLUPs) of the random effect. The BLUPs in fact, corresponding to a particular 
value P[i] of the phenotype, will always be closer to the population mean than 
P[i] itself, lowering the bias over data under examination. Germplasm 
phenotypical evaluation was moreover performed with NTSYS pc21 software, to 
perform cluster and Principal Component Analysis (PCA). Multivariate analysis 
is a very useful method because it reveals the relationships and correlation 
among variables studies allowing a better understanding of the structure of the 
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collection and the identification of more relevant variables. PCA analysis 
(completed trough SPSS v13) is based on covariance, correlation or the chi-
square function, and it is used to create linear combinations of the n variables 
such that a number of possibly correlated variables are transformed into a 
smaller number of uncorrelated variables called Principal component. The PC 
are ordered in relation to the amount of variability on the data they account, 
being a tool for exploratory data analysis. In our analysis, It has been previously 
used a calculation of the eigenvalue decomposition of a data covariance matrix 
after mean centring the data for each trait under examination. Previously, all the 
data from different phenotypical traits (since quantitative traits are generally 
heterogeneous with different forms of variability), have to be brought to the 
same scale and weighted by the inverse of their standard deviation, to 
normalize the data set. For this purpose, different data have been categorized 
through discrete intervals, and Shannon's index of diversity (H') have been 
calculated:  
H'= Σ (( Pi * log2Pi)/(log2K)), where Pi is the frequency of each discrete class 
individuated and K is the number of total classes (10 in our case). 
 
 
3.6. Linking the information: Association analysis 
 
Marker-trait associations have been investigated for nine agro-physiological 
traits, recorded in two Syrian sites consistently different in relation to dry 
conditions, during cropping season 2008/2009. The basic statistic tools for 
association analysis, under an ideal situation, would be linear regression, 
analysis of variance (ANOVA), t test or chi-square test. However, as population 
structure can generate spurious genotype–phenotype associations, different 
statistical approaches have been designed to deal with this confounding factor. 
 
 
3.6.1. Population structure estimation 
 
For a correct association analysis, it is necessary to take into consideration 
the genetic structure of the germplasm collection, to avoid false association 
between phenotypes and markers due to factors such as selection, kinship or 
3. MATERIALS AND METHODS 
_____________________________________________________________________________ 
51 
population admixture. Gross genetic structure was investigated using the 
Bayesian model-based clustering method implemented in the software 
STRUCTURE v.2.3.3 (http://pritch.bsd.uchicago.edu/structure.html) which 
identifies, among genotype data consisting of unlinked markers, subgroups of 
accessions with distinct allele frequencies. Bayesian mixed models allows any 
probability distribution to be defined on the parameters (variables) as a prior 
distribution, and consequently the adequacy of the model (likehood ratio) is 
estimated on the value that the parameters will take. Differently from cluster 
analysis, this program allows in fact each accessions to become alternatively 
member to distinct subgroups (characterized by a set of allele frequencies at 
each locus), and at the same time collects the membership coefficients., in 
order to assign individuals to the right group with the best probability, on the 
basis of a likehood ratio value. The admixture model was used, which  assumes 
that each individual draws some fraction of his/her genome from each of the K 
populations, and the output records the posterior mean estimates of these 
proportions. Within populations the loci are at Hardy-Weinberg equilibrium and 
linkage equilibrium. Thus, individuals are probabilistically assigned to 
populations, or jointly to two or more populations if their genotypes indicate that 
they are admixed. In our investigations, the program was run allowing K value 
(K is the number of clusters to be inferred, so the number of hypothetical 
subpopulations) ranging from 2 to 8 in each of a three repetitions set. For each 
run of Structure, the burn-in time as well as the interaction number for the 
Markov Chain Monte Carlo (MCMC) algorithm were set to 10,000. To establish 
the appropriate value for K priory to final association analysis, we attempted to 
find a maximum for Ln(P|D), the maximum likelihood of the specific sub-
population model (the posterior probability of the data given K), as the best 
contingent description of our data. The K value considered as the more 
confident one, has been finally input as a covariate in Tassel software, in the 
form of a Q-matrix of population membership. Q is an n × p matrix, where n is 
the number of individuals and p is the number of defined subpopulations. 
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3.6.2. Association analysis 
 
The association analysis performed, can be described as a genome-wide 
approach that systematically search the genome for causal genetic variation 
without prior information regarding candidate genes. Thus, it is an hypothesis 
generating and not an hypothesis driven strategy, testing an ideal big number of 
markers for association with various complex traits and awaiting then for further 
confirmations. TASSEL (Trait Analysis by aSSociation, Evolution and Linkage) 
software developed by the Edward Buckler group has been used for the 
purpose, adopting a general linear model (GLM) based on fitting markers into a 
linear model as a fixed effects, to test for association between segregating loci 
(SSR alleles in this case) and quantitative traits. Each of the phenotype-marker 
association tests is conducted individually means that one chromosome with 
‘‘n’’ markers, would have ‘‘n’’ single-marker tests, where each phenotype trait 
have been regressed onto each marker genotype. GLM model could be 
described by the following equation: yi=Qsi+Gmj+eij where: 
 
yi = vector of phenotypic value, the observation i 
Q = known structure matrix 
si = vector regarding population structure (fixed effect) 
G = vector of genotyping values for each marker 
Mj = vector of fixed effect for each marker (fixed effect) 
eij= vector of residual effects 
 
Such approach allows to minimize the rate of false positive (type I error) arising 
from population structure by simply inserting the Q matrix previously calculated 
by Structure program. Population membership estimates (Q-matrix of 
population membership) served in fact as covariates in the model, while GLM 
finds the ordinary least squares solution for each marker-trait combination, as 
described in Searle (1987). More precisely, the structured association 
approach, is based on the idea of testing the genome for association, 
conditionally to the individual subpopulation allocation.  
For results interpretation, linkage disequilibrium statistics have been 
calculated and visualized graphically for each chromosome. r2 Linkage 
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Disequilibrium index for loci with multiple alleles was used (Farnir et al., 2000): 
TASSEL calculates a weighted average of r2 (squared allele-frequency 
correlations) between any two loci  by essentially calculating r2 for all possible 
combinations of alleles, and then the alleles' frequencies are used to weight 
them. The significance of pairwise LD (P values) among all possible pairs of 32 
loci was evaluated by TASSEL with the rapid permutations test (10,000 
permutations). The loci were considered to be in significant LD if P < 0.001. 
Pairwise LD has been depicted as a colour-code triangle plot based on 
significant pairwise LD level (r2, and p-value ) that helps to visualize the block of 
loci (red blocks) in significant LD. 
Association analysis was therefore finally performed: SSR-trait association 
was considered real when the marker main effect was significant at P=0.01 
(Pillen et al., 2003), allowing to test the presence of a relative strong 
association. The test of significance derived from an F-distribution, underlying 
the assumption of normally distributed residual error, for each of the traits under 
examination.  
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4. RESULTS 
 
4.1 Genotyping results 
 
4.1.1. Diversity analysis 
 
The genotyping of the 270 Core collection accessions with 32 SSR markers 
allowed to identify a total of 429 alleles. The data for microsatellite loci diversity 
are summarized in Table 4.1. Alleles for each locus were present in regular one, 
two or three base pair steps. The allelic richness ranged from 3 (Hvhva1, 1H) to 
31 (Scssr 10477, 1H) alleles per locus with on average 13.4 alleles per locus. 
The gene diversity computed according to Nei (1973) varied from 0.28 (Hvhva1, 
1H) to 0.93 (Bmag0740, 4H), with the average value of 0.68. A varying 
heterogeneity value was detected at all loci, starting from 0 (ten markers in fact 
did not present any heterozygote in all the accession) and up to 0.29 at locus 
Scssr 2748 (1H), with a mean of 0.02. Polymorphic information content (PIC) 
varied from 0.24 (Hvhva1, 1H) to 0.96 (Bmag 740, 4H). 
Germplasm diversity analysis through Power Marker, allows to enucleate 
some important information coming from the crop mating strategy. Barley in fact 
is a predominately self-pollinated specie, causing a reasonably discard between 
heterozigosity and Polymorphic information content indexes (see below in 
yellow color). Regarding PIC values, it has been noticed as well an expected 
difference between genomic and EST-derived SSR markers. The last ones in 
fact, are reasonably less ‘diverse’ because of the genetic constraints slowing 
their further modification in tandem repeat number (see table below, violet 
color). UPGMA tree developed from CTree program is also showed below, 
highlightening the presence of a kind of population structure which was 
necessary to take into consideration. As remarked (red color) in the radial tree 
below, wild accessions (Hordeum vulgare L. subsp. Spontaneum) found a real 
consistent clustering when underlined within the tree, enhancing the clustering 
likehood.  
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Tab 4.1: Diversity analysis summary statistics (Power Marker v3.25) 
 
 
 
 
 
 
 
Fig 4.1: Radial tree of Core collection (Ctree v1.02), the barley wild progenitor accessions are 
red colored. 
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4.1.2. Population structure estimation 
 
Analysis of genetic distance and population structure provided evidence of 
significant population structure in the Core collection accessions. To identify 
such data structural architecture, the output of the model-based approach of 
Structure, was analyzed. The log-probability of the data, given a certain value of 
K [LnP(DK)] was calculated and compared across a range of K values to 
determine which one provided the best fit to the data. The optimal number of 
subpopulations was determined when K=8, on the basis of estimated 
logarithmic posterior probability of the bayesan clustering. The highest 
likelihood was identified since the line of estimated Ln P(D) reaches there the 
maximum value of the linearity trend (Fig 4.2). As mentioned in the Structure’s 
manual, Pritchard and Wen, 2003, it is not rear (has it is possible to graphically 
notice in the below), that once the real K is reached, L(K) at larger Ks plateaus 
or continues increasing slightly, so this trend is not a phenomenon to worry 
about. 
 
 
Fig 4.2: The estimated of mean log probability of the data [Ln P(D)] 
 
However, the biological interpretation of K may not be straightforward. The 
major genotypic divisions within barley is between wild and cultivated 
subspecies and between winter- and spring-sown varieties, which differ in their 
requirement for vernalization to promote subsequent flowering. Apart from the 
grow habit, Previous studies have shown that also the row number (e.g., 
Malysheva-Otto et al., 2006; Rostoks et al., 2006), and the variety used (malting 
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barley vs feed barley) are generally responsible of partitioning within a diverse 
collections. In our case, previously reported UPGMA tree (Fig. 4.1) could be 
consistent with an eight clustering model, and a first branch constituted by wild 
varieties, has already been identified. Further interpretations of the groups 
detected, have been tried trough PCoA analysis (GenAlEx 6.1) using Nei (1973) 
distance matrix. The results from a clustering strategy based on the eight gross 
geographical provenience of the Core collection accessions, was not 
satisfactory, and the aetiology of the phenomenon has to be further 
investigated. The population genetic characteristics of these barley groups are 
expected in fact to reflect their differences in breeding history, and possibly also 
differences in domestication history, since barley is thought to have been 
domesticated twice. The inferred population structure setting k=8, is reported 
below.  
 
Fig 4.3: Individual Population membership setting K=8 
 
Each individual haplotype (x-axis) is represented by a thin vertical line, 
which is partitioned in K colored segments (representing the different 
populations inferred), with proportional lengths representing the estimated 
membership fractions in the different subpopulations. The Q-matrix estimates, 
in the case of K=8, is graphically represented as:  
 
 
 
Fig 4.3: Summary plot of estimates of Q 
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The eight clusters (different colors) appear to be well delineated and 
differing in individuals comprehensive content, as already suggested by 
UPGMA tree, which presented main and minor clustering branches. 
 
 
4.2. Phenotypical data analysis 
 
All phenotypical trait data frequency were well approximated by a normal 
distribution. After calculation of Shannon's index of diversity (H') to standardize 
the different trait data, Principal Components Analysis (PCA) gave the following 
results:  
 
 
 
 
 
 
The first four principal components (PCs) gave eigenvalues greater than 1.0 
and explained the 71.313% of the total variability among the accessions for all 
the traits investigated. The first PC, which is the most important component, 
accounted for 26.596 % of the total variability, and was associated mainly with 
Peduncle Length (Pl), Plant height (Ph) and Peduncle extrusion (Pe). Thus, 
Tab 4.2: Eigenvalues and proportion 
of total variability explained by the 
first four Principal Components. Only 
the components with eigenvalue >1 
are shown. 
 
Tab 4.3: the Component matrix 
shows the individual contribution of 
each trait to the four Principal 
Components 
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these phenotypical traits, should be considered as very important one in 
differentiating the germplasm under examination, since they are the main 
source of variability. In further studies, it has been therefore suggested to focus 
the attention mainly on these kind of accession evaluations. 
 
 
4.3 Association analysis output 
 
4.3.1. LD estimation 
 
The squared allele-frequency correlations, r2, and the p-value representing 
linkage disequilibrium (LD) were assessed for 32*32 combinations of SSR loci. 
For pairwise LD between marker sites in a genome fragment, TASSEL 
generated a triangle plot, where pairwise LD values of polymorphic sites are 
plotted on both the X- and Y-axis. Each cell represents the comparison of two 
pairs of marker sites with the color codes for the presence of significant LD. 
Colored bar code for the significance threshold levels is shown. Above the 
diagonal r2 values are displayed, while below the diagonal are depicted the 
corresponding p-values from 10,000 permutation test. The graph that has been 
generated, displays LD between all possible pairs of intra chromosomal sites. 
The black diagonal represent LD between each site and itself. To estimate the 
size of these LD blocks, the r2 values are reported in the upper part of the 
square representing intra-chromosome LD, while the relatives p-values in the 
lower one. The markers couples with relatively high degree of LD, are depicted 
in red (p-value <0.0001), in green color (p-value<0.001) or in blue color (p-
value<0.01) in the lower part of each square. Among the intra-chromosomal 
marker loci in remarkable high LD (p-value <0.0001), it has to be mentioned 
Scssr 2748 and Bmag 770 on chromosome 1H; Ebmac 415 and Scssr 7759 on 
2H; HvLTTPB and Ebmac 541 on 3H; Scssr 2306 and Bmag 751 on 5H; Bmag 
751 and Scssr 10148 still on 5H; Bmac 316 and Bmac 18 on 6H. 
The presence of high level of LD between two loci is meaning that there has 
been a limited or no recombination since LD block formations, but the presence 
of spurious associations could also be possible, and thus further investigations 
are needed. 
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4.3.2. Tassel output 
 
Association analysis (Table 4.4) identified highly significant marker-trait 
associations (P=0.01) for four traits, out of the nine phenotypical traits totally 
evaluated. The analyses were alternatively carried out in three ways. Firstly for 
each of the two research station separately, associating all the genotypical data 
evaluated, with the phenotypical data coming once from Tel Hadya and once 
from Breda location. Consequently, the association was performed for each of 
the seven chromosomes separately, but unifying by mean value the two 
location source of phenotypical trait. Finally, the mean of each phenotypical 
traits has been regressed into total genotypical data, unifying the different 
chromosome information. The results are very consistent among the different 
Fig.4.4: LD plot between markers among intra-chromosomal loci. Markers are 
renamed as progressive numbers, in relation to their chromosome position (from 
chromosome 1 to 7 H.  
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strategies, eliminating the hypothesis of a cryptic Genotype X Environment 
interaction. The p-value for the association, regarding each of the markers 
evaluated with each of the nine phenotypic traits, is reported below. Only highly 
significant (when the F-statistic exceeded the F-threshold value, means when p-
value of the marker detected, was minor than 0.01) results are shown. In the 
case of Peduncle extrusion, the significancy (-4 and -5 order of magnitude) is 
really remarkable, mining a really strong association. 
 
 
Trait Marker Chr. Bin df_ 
Marker 
F_ 
Marker 
p_ 
Marker 
df_ 
Model 
df_ 
Error 
MS_ 
Error 
Rsq_ 
Model 
Rsq_ 
Marker 
Plant 
Height 
HvLTTPB 3H 3 9 
 
2.9324 
 
0.0026 17 
 
236 
 
39.4374 
 
0.2458 
 
0.0843 
 
 Bmac 18 6H 6 8 
 
3.1872 
 
0.0019 16 
 
245 
 
37.0153 
 
0.2495 
 
0.0781 
 
Peduncle 
Length 
Scssr 
3907 
5H 15 31 
 
1.9216 
 
0.038 39 
 
223 
 
5.1262 
 
0.4746 
 
0.1403 
 
Peduncle 
extrusion 
Scssr 
2748 
1H 14 14 
 
3.3091 
 
7.5e-05 22 
 
235 
 
5.8135 
 
0.4526 
 
0.1079 
 
 Scssr 
103 
6H 11 13 
 
3.233 
 
1.58e-04 21 
 
245 
 
6.0081 
 
0.4418 
 
0.0958 
 
Spike 
Lenght 
HvLTTPB 3H 3 9 
 
2.677 
 
0.00056 17 
 
236 
 
1.1439 
 
0.2546 
 
0.0761 
 
 
Tab 4.4: Significant (p-value <0.01) marker-trait associations detected 
 
For Plant Height, two markers on different chromosomes have been found to be 
highly associated: HvLTTPB (chromosome 3, Bin 3) and Bmac 18 
(chromosome 6, Bin6). Marker HvLTTPB, it has been found as associated also 
with another phenotypical trait, Spike Lenght. For Peduncle Length, Scssr 3907 
(chromosome 5H, BIN 15) shows a significant association, while for Peduncle 
Extrusion Scssr 2748 (chromosome 1H, BIN 14) and Scssr 103 (chromosome 
6H, BIN 11) gave a very strong tagging.  
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Fig. 4.5: Marker-trait association detected: chromosomal position (Bin). [Ph=Plant 
height,Pe=Peduncle extrusion, Pl=Plant length, Sl=Spike length]  
Bin 3: Ph, Sl  
Bin 14: Pe 
Bin6: Ph 
Bin11: Pe 
Bin 15: Pl 
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5. DISCUSSION 
 
Among all the evaluated phenotypical traits, only morphological ones 
reached significant associations. This result is in concordance with the 
phenotypical traits analysis of variance, which was discussed in paragraph 4.2. 
Plant height, Peduncle length and Peduncle extrusion especially were likely the 
most important traits for germplasm differentiation. Osmotic adjustment 
measures seemed instead not very useful for core collection data 
characterization, and it has been suggested to remove them in further studies. 
Regarding the significant associations highlightened, some considerations have 
to be made. Markers HvLTTPB and Bmac 18 (in the case of Plant Height), as 
well as Scssr 2748 and Scssr 103 (for Peduncle extrusion) were found to be 
associated with the same trait, even if located in different chromosomes. This is 
not surprising, since both drought-related traits are thought to be complex ones, 
and many genes are potentially involved. In this research, LD estimation was 
not helpful for result interpretation, because markers tagging the same trait 
were not on the same genomic fragment. In a different situation, it would have 
been possible to correlate this information with the linkage disequilibrium decay 
in the same region. It would have been possible to detect if the two markers 
were independently associated with the trait or if the double association was 
instead coming from an high LD extend between them. This procedure is very 
important particularly when testing markers coming from a candidate gene 
region, following an hypothesis driven strategy. However, as noticed by Pillen 
(2003), when two or more adjacent markers simultaneously identify a QTL, it is 
not possible to determine whether each marker represents an independent 
effect or if all adjacent significant markers represent a single genetic effect.  
The associations evidenced in the present analysis have been subjected to 
a previous verification from what already reported by literature. A precise 
comparison of putative QTLs detected in different studies is not always possible 
due to different methods utilized for QTL discovery, different structures of 
populations evaluated and/or the limited number of common anchor markers. 
Anyway, in some cases the comparison has given very interesting results. 
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Indeed, the association found between HvLTTPB marker (chromosome 3, 
bin3) and Plant height is particularly promising. The same QTL localisation in 
fact, has been extensively reported in previous QTL tagging studies, and the 
putative responsible gene has been already characterized. The QTL 
hypothesized, is most likely positioned at the sdw1 locus (Ellis et al., 2002) or 
denso locus (Laurie et al., 1993), one of the dwarfing genes controlling plant 
height, with commercial significance in barley breeding. Sdw1 (semidwarf 1) is a 
major gene for controlling culm length, and most European cultivars are 
semidwarf to increase lodging resistance and grain yield in a relative not 
stressful environment. It has been already proven that, under drought stress, H. 
spontaneum alleles at this position has a positive effect on stem elongation and 
on plant height increment. Plant height in barley is a controversial characteristic; 
under favorable conditions, increased plant height may cause lodging with 
consequent reduction of biomass and grain yield. On the contrary, under 
drought conditions, this property leads to increased biological and grain yield, 
due to the enhanced possibility of mechanical harvesting and to the correlated 
increased root length, that is beneficial to exploit soil moisture at depth. Sdw1 
also appears to have negative pleiotropic effects on yield and malting quality 
(Hellewell et al., 2000). As a matter of fact, the denso allele at the same locus 
has been successfully used in most European malting barley cultivars.  
The other Plant height-QTL on chromosome 6H (BIN 6), close to Bmac 18, 
it is in a very good proximity with that identified in 6H (BIN7) by Hayes et al. 
(1993), albeit the entity of the correspondence does not allow to rise any further 
hypothesis. On the other hand, have been reported by Inostroza (2009) that in 
the H. spontaneum allele at Bmac18, a positive effect on yield adaptability 
under drought is shown. The same author pointed out that, as Choi et al. 
discovered (2000), dehydrin (Dhn) genes are present also in chromosome 6H of 
barley, and are therefore potentially involved. By the way, confirmation of a 
causative and functional role of Dhn alleles will require additional work. 
The associations with Peduncle length (Scssr 3907, chromosome 5H, BIN 
15) and Peduncle extrusion (Scssr 2748, chromosome 1H, BIN 14 and Scssr 
103, chromosome 6H, BIN 11) were not found to be already reported in the 
literature. 
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Anyway, in this investigation, Peduncle extrusion trait has been found as 
really strongly associated with the tagged genomic region. More information 
expected from the research centers which developed such EST-derived 
markers (SCRI laboratories), are likely thought to potentially help in clarifying 
the situation. 
For Spike Length, an association has been found with HvLTTPB, a marker 
which have already been discussed in the case of Plant Height. The 
association, as well as the putative pleiotropic effect of the QTL, have been 
already reported by the scientific community (Baum, 2003, Peighambari, 2005). 
Present results cannot discern between an hypotetical pleiotropic effect and the 
closely linkage of QTLs in the same region of a chromosome controlling 
different traits. Anyway, identification of multiple QTLs on chromosomes 2H and 
3H has been reported as a feature indicative of gene-rich regions in barley, 
following Triticeae’s trend described by Gill et al (2004). 
In a more comprehensive marker set consideration, HvHVA1 derived SSR 
has not shown any significant association, neither at 5% of confidence level. 
The marker was derived from the barley HVA1 gene, encoding a member of the 
group 3 late embryogenesis abundant (LEA) proteins, which have been point as 
improving biomass productivity and water use efficiency under water deficit 
conditions in transgenic wheat constitutively expressing the barley HVA1 gene 
(Sivamani et al., 2000). The remarkable low level of Polymorphic Information 
Content (PIC) and of Gene Diversity indexes, could explain a certain structural 
difficult in reaching the test significancy. Interpretation of QTL results is 
hampered by the fact that QTL confidence regions are large and can contain 
hundreds of potential candidate genes. Thus, QTLs tagging it is only the first 
step which, narrowing the interesting genome region, helps in directing posterior 
studies. At the same time, significant LD does not necessarily indicate causal 
associations, since LD can also be influenced by population history. Therefore, 
LD needs to be interpreted cautiously. In conclusion, it is never worthless to 
remember that QTL tagging itself, it has never to be confused with a causative 
trait discovering procedure. QTLs detected trough these statistical-based 
methods (necessarily marked by type I and II errors) in fact, should be for sure 
further deeply investigated trough others comparative and functional genomics 
approaches.   
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6. CONCLUSIONS 
 
The present research contributed in deciphering natural diversity for drought 
tolerance evaluation, trying to understand the molecular basis of adaptation to 
drought abiotic stress.  
 
In recent years, Association mapping techniques, have demonstrated to be 
reliable means to harness beneficial genetic variation present in germplasm 
collections, gene tagging agronomically important traits.  
The statistical analysis performed in the present thesis, detected several 
significant associations between markers and drought-related phenotypical 
traits; comparison with prior scientific literature have been reported.  
 
Anyway, further studies need to be performed to confirm putative QTLs 
highlightened and to finally identify superior alleles, supporting then (trough 
Marker assisted selection, MAS) their real introgression into elite breeding 
germplasm. 
Finer mapping of the pointed regions will be needed to ultimately dissect out the 
individual genes in the target interval and to start candidate-gene hypothesis 
driven investigations. 
Nowadays in fact, the majority of QTLs detected are still not deeply 
characterized and frequently the bottleneck in gene discovery is the functional 
validation of candidate genes (Hein et al., 2009). Thus, inferences about 
drought-tolerance etiology would be likely reached through a multidisciplinary 
approach including comparative, functional, post-genomics analysis and an 
overall understanding of biochemical and physiological processes limiting yield 
under such adverse conditions. 
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